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KEY WORDS

Corrosion - The destruction of metal by chemical or electrochemical
action.
Inhibitor - The chemical added in small concentration to a water
system which will stifle, decrease, or prevent reaction
of a metal with its environment.
White Water - Water which is drained through a forming wire during
paper manufacture.
Open White Water - White water that is not recirculated.
Closed White Water - Recirculating white water.
Fine Paper - Printing and writing paper.
Corrosion Control - Prevention and/or abatement of corrosion.
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INTRODUCTION

Corrosion inhibition by certain popular corrosion inhibitors
in cooling water and portable water transport and holding systems
have been extensively investigated.

But application of these inhibi

tors and, in fact, the general application of inhibitors in the
white water systems of fine paper mill systems has not been given
adequate considerations by pulp and paper mill corrosion control
engineers and technologists.

Instead, industry personnel avoid cor

rosion of white water transport and holding systems by the use of
corrosion resistant ferrous alloys.

However, these alloys have

proven to be subject to all kinds of corrosion such as general pitting,
erosion and galvanic.

The more complete the closure of white water

systems in achieving zero discharge standards, the higher the poten
tials of these corrosions.

The closed white water system is a notably

corrosive system, due to its complex chemical and physical compositions.
There is a buildup of aggressive ions such as chloride and sulfate.
Also, there are developments of high acidity and low pH.

High tem

perature, high levels of suspended and dissolved solids, and high
flow rate, individually and collectively contribute to the corrosiveness
of the system.
Corrosion control in such a complex system requires a systemmatic study of a typical white water synthetically produced to deter
mine the white water corrosivity.

In this study, synthetic white

water, simulating an open or first-pass retention and an over 80
1
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per cent closed systems, were prepared from fresh pulps and stuff.
These were assessed for corrosion of mild steel under controlled
conditions and the corrosivity determined by weight loss measurements.
White water characteristics that affected the corrosivity of the sys_em were analyzed from the simulated systems and their overall effect
on corrosivity was determined.
Three inorganic and one organic inhibitor, popular in cooling
and portable water corrosion controls, were evaluated for use in
closed water systems.
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LITERATURE REVIEW

Various parts of paper mill corrosion have been reported in the
literature and the report covers mills in U.S.A., Canada, Europe,
Russia and elsewhere.

Increase of corrosion problem in the pulp

and paper industries led to the survey in 1969 by K. M. Thompson (1).
The survey revealed the enormous costs incurred on corrosion in
Canadian mills and projected the overall world costs.

A conserva

tive estimate, in 1969, put the cost of corrosion to the paper indus
try in excess of $300 million.

The cost attributed to corrosion

alone was estimated at nearly 20 per cent of annual maintenance cost.
This percentage had since increased due to the continuing effort to
close the paper machine white water and general effluent systems.
Since the publication of the above survey, intensive efforts to
combat corrosion in the paper mill systems have been reported (1-8).
Evidently, a paper mill has many sections where potential for corro
sion is great; as a result, this review will be limited to the
efforts concerned with corrosion abatement in the wet-end of the
paper machine.

Paper Machine Wet-End Corrosion
Incidence of corrosion in a paper machine wet-end is a common
phenomenon found in any paper machine anywhere in the world.

Accord

ing to Nathan and Piluso (3), corrosion activities can be found in
many forms in various equipment handling wet stock such as:

3
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headboxes,

4

suction couch rolls, machine framework and supporting structures,
hydrapulpers, external surfaces in the dryer cylinders, machine
stock and water pumps, condensate systems, water supplies and recircu
lating systems.

Bowers (9) discussed corrosion problems that existed

in a German tissue, packaging and paper board machine systems.

In

these systems, galvanized pipelines transmitting clarified white
water failed after one year in recycling operations.

In the United

States, it was reported by Streebin, et al (10) that the corrosion
rate of mild steel, cast iron and brass, more than doubled in going
from an open to a closed system in a paper board mill.

Headboxes

of six paper machines clad with stainless steel 304 were reported
by Muller and Muhonen (8) to be seriously damaged by pitting corro
sion such that one headbox failed by perforation within six weeks,
while others were slowly attacked during 10 to 15 years operation.
Other incidences of corrosion of headbox and adjoining equipment
had also been reported by Walz (5), Muhonen (11), Piluso and Nathan (3) .
Fourdrinier wire corrosion has also been documented.

Wire fail

ure under several forms of corrosive attack has been reported by
Jilek (2).

Piluso and Nathan (3) presented a case of wire corro

sion which reduced the wire life of a 2000 fpm newsprint machine
to nine days.

Stainless steel suction couch roll shell corrosion

had been recognized within the last ten years to be one of the cost
liest single-risk items in the paper mill (4).

It was estimated

in the Canadian survey (1) that the average replacement cost of a
couch roll was $48,000 in 1970.
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Stock line corrosion has also been recognized as a major problem.
Piluso and Nathan (3) reported the failure of stock lines and clari
fied water lines for an unidentified mill.

Walz (5) gave an account

of the failure of stainless steel pipes, tanks, ducts and condensers
of one of the Hammermill plants.

An unidentified Alabama paper mill

(6) reportedly experienced serious corrosion failures in its pipelines.
Dryer cylinder corrosion has been linked with the wet-end corro
sion (12).

One of the most current reports of serious corrosion prob

lems in paper machine wet-end systems was reported by Richardson (13).
He noted here that corrosion of mild steel frames required dis
assembling, sandblasting and repainting of the fourdrinier machine
frame.

Suction couch roll, roll-out-trunnion, flatboxes and several

other structural corrosions were observed.

Causes of Corrosion

Corrosion in acqueous systems and its causes have been a sub
ject of considerable interest to all process industries for years.
Several accounts on this are found in many Chemical Engineering texts
and journals.
White water is like any chemical process effluent and contains
process variables that are generally known to influence corrosion,
such as:

high concentration of dissolved salts or solids, high level

of suspended solids or impurities, changes in temperature, pH varia
tion, varying degrees of aeration, flow pattern which may be high,
low or stagnant, and biological activities.

Influence of these

variables increases as the degree of recirculation of the white
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water increases.

This has been a matter of concern since 1929, when

water closure became a subject of interest (9), to the extent that
corrosion problems have been listed among

the eight basic technical

problems encountered in water recycling in the U.S. by a team of
NCASI (14, 15).

Influence of dissolved solids on corrosion

The level of dissolved solids in recycled white water of fine
paper mills currently range from 1600 ppm to 5000 ppm (9, 16).

Ionic

concentrations and their species are large and they vary according
to the furnish, papermaking additives, feed water and degree of
recirculation.
Generally, dissolved solids foster uniform corrosion at low
levels.

But, at high levels, localized corrosion may dominate.

Such

localized corrosion may occur at relatively higher or lower rate (9).
Bowers (9) proposed a reason for the difference.

He thought that,

at high dissolved solids, uniform corrosion rate of mild steel is
lowered due to changes in protective film stability.

The stability

change, on the other hand, may be caused either by contamination as
proposed by Hoars et al

(17), or by the presence of cation vacancy

as suggested by Nagayama and Cohen (18), or as explained by Dobbins
and Alexander (16).

Dobbins and Alexander showed that many normal

wet-end processes, especially those depending upon ionic attraction
and repulsion, would be altered in high salt environments.

Electro

static effects are usually buffered at high electrolyte concentrations
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and many normal processes, including corrosion, depend upon such
electrostatic effects.
The rule of thumb, however, is that the rate of corrosion of a
given material increases as the concentration of the dissolved solids
increases (9).

The process variables that influence electrochemical

corrosion processes do so because they influence one or both of re
ductive and oxidative reactions.

For example, the main cathodic

reaction for metal corroding in dilute inorganic acid is:
2H+ + 2e — > H2
The more hydrogen ions available,
reaction.

the faster the rate of cathodic

In turn, this permits a high rate of anodic dissolution

of the form:
M —>

M 4”11

+ ne

The influence of impurities such as chloride ions, sulfate ions
and other aggressive cations and anions on white water corrosivity
have been documented.

Vadas (4) showed that corrosion rate of a

couch roll increased when the white water system contained over
30 ppm chloride and 300 ppm sulfate ions.

Also, H e n t h o m e

(19)

noted that the effect of ionic concentration on corrosion was usually
dependent on the type of ion.

Some ions such as carbonates, calcium

and magnesium may act to hinder or slow down corrosion (20).

The

chlorides are reported (19, 20) to be particularly effective at
destroying passivity in materials such as stainless steel.

It is

found to be the most frequent cause of pitting in stainless steel.
Impurities can also accelerate anodic corrosion processes by readily
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forming soluble complexes with the metal (17).

It is, of course,

very obvious that recirculating white water is very rich in these
impurities mentioned here.

The type of corrosion to be expected in

it will depend partially on the interactions of these impurities.

Influence of temperature

Similar to most other chemical or electrochemical reactions,
corrosion generally proceeds more rapidly at higher temperatures.
White water system closure generally results in heat buildup and
operations at high temperatures.

Bowers (9) noted that temperatures

in systems nearing full closure rise to the range of 130° F to 160° F.
A temperature range of 110° F to 125° F was achieved by Aldrich and
Janes (21), in a 72 to 97 per cent pilot white water system closure.
Vadas (4) observed that white water temperature could be forced up
110° F to 140° F in high speed machines.

He also noted that corro

sion rate doubled generally for every 18° F rise in temperature.
These high temperatures can be compared to about 80° F in an open
system.

However, an exception to the rule may be made for some

systems that have low oxygen content (20).
depolarize the cathode reactions.

Oxygen is needed to

If oxygen is depleted by boiling,

the cathode reactions slow down which, in turn, reduce the rate of
anode reactions where metal is dissolved (2).

Also high temperature

can help in controlling microbiological activities as reported by
Aldrich and Janes (21).

Reduced bacterial activities, in turn,

reduce microbiological corrosion.
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Influence of pH

Hydrogen ion concentration as expressed by pH is a very impor
tant factor in corrosion and corrosion control (20).

It can also

have major effects on resistance to stress-corrosion-cracking and
pitting.

Pourbaix developed a diagram known by his name which

relates the probability of corrosion to the pH and the potential
difference between the pure metal and its ions in solution (20).
The Pourbaix diagram indicates under what pH - potential conditions
corrosion would be expected to occur.

H e n t h o m e (20) discussed in

detail the use of Pourbaix diagram to predict corrosion of some
metals in media of varied pH.
The pH range of a fine paper machine white water system is
generally low.

Bowers (9) reported pH range of 4.0 to 7.0 for most

recycling white water systems.

Most fine paper machines operate

at pH of 4.0 to 5.5 because of rosin size-alum systems.

Iron and

its alloys which constitute the majority of the metals in paper
mill systems are very susceptible to corrosion at such pH range.
Vadas (4) showed that corrosion rate of stainless steel couch rolls
is high for white water at pH of 4.0.

The trend in some mills is

to operate at high pH, but the thermodynamic studies of corrosion of
iron in water by Pourbaix, as reported by Stewart and Tullock (22),
showed that the safe operating pH range is narrow (8 to 11); above
and below this range corrosion prevails.
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Influence of aeration

Ready access to oxygen, usually in the form of air, can increase,
decrease or have no effect on corrosion (20).

The effect of oxygen

would depend on whether the corroding material shows passivation or
not.

Metals that do not show passivity and are corroding would

generally do so at faster rate if the oxygen content of the solution
is increased.

Corrosion rates of materials that show passivity and

are active will increase if the oxygen content increases.

But materials

that are in the passive state will not be affected by changes in
oxygen content.

However, for metals in the transition state between

active and passive state, access of oxygen can tilt the balance in
the passive direction (20).

Fluid velocity effect

High velocity fluid streams are acknowledged to cause rapid
attack when they impinge on vessel walls of process plants.

The

mechanism by which corrosion is affected by fluid velocity has been
documented by Landrum (23) and Dunlop (24).

The effect of velocity

on the rate of corrosion depends on the type of polarization con
trolling the corrosion reaction.

The mechanism of polarization is

affected by fluid flow if the polarization process is concentration
controlled, but not if activation controlled.

The activation polari

zation is the result of a slow step in a chemical reaction occurring
at the anode or cathode; for example, transfer of electron at the
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metal surface (19).

Concentration polarization is a slowing down

of the reaction due to difficulty in diffusing species to and from
the electrodes fast enough to keep up with the reactions.
Velocity effect on corrosion rate differs according to whether
the metal exhibits passivity or not.

A corroding passive metal whose

cathode reaction is under diffusion control can initially increase
in corrosion rate with velocity (23).

But it eventually switches

from an active to a passive state with a sudden decrease in corrosion
rate.

However, for actively corroding metals that do not passivate,

the lowering of fluid velocity would result in iower corrosion rate.
Fluid velocity can also cause unique corrosion types, such as erosion
corrosion.
However, high velocity can be an asset by helping to avoid
pitting corrosion (24).

Pits frequently occur under solid deposits.

High velocity can minimize the formation of deposits, thus limit
pitting.

Also, high velocity conditions can result in a more efficient

supply of inhibiting substances to the corroding metal surface.

Electrical conductivity

It is generally a rule of thumb that corrosion processes increase
in an electrolytic medium whenever electrical conductivity increases.

But according to Bowers (9), electrical conductivity correlates to
corrosivity of metal only in its active corrosion state.

In systems

containing more inhibiting-oxidizing elements, high electrical con
ductivity does not necessarily produce high corrosion rate (9).
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Microorganisms

Microorganisms have been recognized as one of the major causes
of corrosion in water recirculation systems.

Aerobes and anaerobes,

are the two main bacterial groups whose activities are associated
with microbiological corrosion (25).

These bacteria have the ability

to transform sulfur and sulfur compounds.

The aerobic specie is the

Thiobacillus and it requires the presence of oxygen to grow.

It

derives its nutrient from elemental sulfur, thiosulfate, oxidation
of polythionates, sulfides and sulfites.
the end product of its activities.
at a very low pH (25).

Sulfuric acid is generally

It also has the capacity to thrive

The anaerobic species Desulfotomaculum and

Desulfovibrio grow in environments virturally devoid of oxygen.
Therefore, they can thrive side-by-side with the aerobes which create
the anaerobic conditions for them.

They can reduce oxygenated com

pounds such as sulfates to sulfites in presence of electron donor
such as hydrogen.

Desulfotomaculum genus is also thermophilic such

that it can thrive at temperatures as high as 110° F to 130° F.
Desulfovibrio makes use of molecular hydorgen as an electron donor,
and this forms the basic part of the cathodic depolarization associ
ated with microbiological corrosion (25).

Other forms of micro

organisms associated with microbiological corrosion are algae, fungi,
and the so-called iron bacteria that oxidize iron compounds.
The primary role of microorganisms in the electrochemical corro
sion process is the removal of electrons at the cathode or anode by
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means of electron trapping (25).

This can be achieved in many ways:

(a)

Metabolic

production of materials with an excess

(b)

Formation of localized concentration gradient

ofhydrogen ion,

of electron acceptor

yielding concentration cells, and (c) Removal of hydrogen and electrons
through direct enzymatic action or cathodic depolarization.

A detailed

mechanism of microbiological corrosion is presented by Iverson (25).
The sequence of microbiological reactions can be summarized as
follows:
8H20

80H+

4Fe

4Fe

I

8H+
SO^

+
—9

3Fe+

8H+

+

4e (anode reaction)

[-

8e

8H (cathode polarization)
hflrf Pf i a

+ 8H

y

+ 60H

-l_ |

Fe

+

S

—9

3Fe(0H)2

+

4H20 (cathode depolarization)

(cathode polarization)

_2

+

S

FeS (anode reaction product)

Evidently, these microbiological activities are very potent in
recirculating white water because the system is rich with nutrients
such as sulfur compounds.

There are "dead ends" in white water

recirculation where anaerobic activities are fostered.

High tempera

tures resulting from high speed operations are present and encourage
the proliferation of the thermophiles while destroying the nonthermophilic species.

High suspended solids, accumulated by recircu

lation, create deposits where concentration cells exist.

Several

reports exist on the potentials of microbiological actions in closed
white water systems.

Aldrich and Janes (21) reported of increased

microbiological deposits in a pilot trial for white water closure.
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Here, of course, variable levels of microorganisms were reported
such that an increase was noticed at a temperature of 110° F but a
decrease was obtained, at least temporarily, at 125° F.

The suscepti

bility of paper mill equipment to microbiological corrosion, especially
the so-called corrosion resistant metals, have been reported by several
authors (2, 3, 4, 7, 8, 11, 26).

Types of Corrosion

A list of all kinds of corrosion that are possible in a process
plant is a long one.

Several of these can be found in the Corrosion

Handbook by Uhlig (27), the works of Butler and Ison (28), Bergman (29)
and any text on Chemical Engineering.

As mentioned before, a paper

mill system is like any process plant and several of the corrosion
types found in any chemical process plant can possibly occur in it.
However, certain corrosion types are more predominant in paper mill
white water systems.

As indicated by Piluso and Nathan (3), the

type of corrosion occurring in any part of the paper machine wet-end
depends on the environment; which may be tray water or back-water,
paper stuff, hot or warm water, low or high rates of flowing material,
and stressed or unstressed conditions.

However, in paper machine

systems handling recycled white water, most serious corrosion types
may be concentration cell corrosion, general and localized corro
sion, pitting, erosion, selective leaching such as dezincification and
intergrannular corrosion, stress corrosion cracking, galvanic corro
sion and microbiological corrosion.

Stitt (30) added to the list
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of possible corrosion types associated with fourdrinier wire and other
paper machine equipment as deposit pitting, and impingement pitting.
Smith (31) pointed out that the principal corrosion type that attack
rubber covered suction couch rolls is crevice corrosion.

He discussed

at length the mechanisms, controls, and location of crevice corrosion
in that equipment.

Bonner (32), Sailas and Sipila (33) noted that 18-8

stainless steel used in many machine sections handling white water
is susceptible to crevice corrosion and pitting corrosion.

They

associated these corrosion types to other nonferrous metals such as
bronze and brass also.

Mohonen (11), Piluso and Nathan (3), Mueller

and Muhonen (8) and Oettinger (34) all observed that stainless steel
304 and all ferrous metals failed under microbiological corrosion.
In general, even though some types of corrosion predominate in
certain environment-metal systems, many corrosion types are inter
related.

As can be seen from the basic electrochemical corrosion

reaction process, they are linked under one fundamental electro
chemical principle.

However, the characterization of a few of the

major corrosion types experienced in white water systems may be
appropriate:

Deposit corrosion

This occurs when a deposit causes differences in oxygen concen
tration on adjacent surfaces.

The deposit covered areas become

anodic by virtue of limited oxygen, and corrosion occurs under the
deposit.
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Impingement pitting

This takes place in areas where high fluid velocities prevent
the formation of protective films.

Concentration cell corrosion

Concentration cell corrosion is caused by differences in electro
lyte concentration.
flow rate.

One contributor to this is differences in fluid

Metal ions are removed rapidly from areas of high flow

and are plated out at low velocity areas.

Another major contributor

is differences in diffusion rate of ions between adjacent surfaces.
Bonner (32) noted that corrosion can result from changes in the contration of ions present in the vicinity of metal surface.

This condition

can exist in simple rotary pumps handling water at high velocities.
A differential concentration of ions occurs between the center and
the circumference of the impeller.

High circumferential velocity

causes ions to be removed more rapidly at the rim than near the shaft
such that a series of corrosion cells are set up on the tips and
discs of the impeller.

Another potential area where this type of con

centration effect can exist is at "dead ends" in pipe bends and
T-junctions.

Dezincification

This is common in brass shute wires.
roll corrosion.

It may play a part in couch

In the process, particles of copper removed from the
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bronze wire by erosion and surface corrosion are carried to the couch
and dryer sections where they plate out and cause galvanic corrosion.
It involves the selective leaching of zinc from the wire body.

Zinc,

being more electronegative than copper, is selectively leached out
under electrochemical action.

Galvanic corrosion

When materials far apart in electromotive series are used in
electrical contact, galvanic corrosion occurs.

The intensity of

galvanic corrosion depends on the ratio of cathode surface area to
anode surface area.

In galvanic corrosion, an electrolytic cell

or battery is formed between the two metals.

The concentration of

the electrolyte is also a factor which influences corrosion rate.

Intergranular corrosion

Intergranular corrosion is identified when the boundaries of
the grain at the surface of a metal have been eaten away.
becomes dislodged.

The grain

It is closely related to the selective leaching

associated with dezincification.

Microbiological corrosion

This has been extensively described under corrosion causes.
manifests itself as pits and crevices and black ferrous sulfide
deposit is usually the observable corrosion product.
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Crevice corrosion

Crevices in material design provide conditions for composition
differences between the crevice interior and the exterior.
is a galvanic cell action.

The result

One type of crevice corrosion is due to

oxygen concentration difference called oxygen concentration cell.
The areas of high oxygen concentration become the cathodes while the
low concentration areas become the anodes.

Another type of crevice

corrosion is caused by metal ion concentration differences.
ions concentrate in the crevices and produce cathodes.

The metal

Anodes are

formed in the surrounding areas where metal ion concentrations are
low.

Measurement of Corrosion

Borgman (35) listed several major methods for measuring the
amount and intensity of corrosion.
he listed are:

Among other evaluation methods

visual observation, depth of pitting measurements

which is either microscopic or non-microscopic, changes in the
physical properties, changes in electrical resistance and electro
chemical measurements.

Some of these methods have become unpopular

because they are either too specific or have proved to be very
unreliable.

Some, however, still enjoy popular usage.

Henthome

(36)

presented a list of some common laboratory methods of evaluation or
analysis:

X-ray diffraction which detects elements in the corrosion

product, X-ray fluorescence used for detecting compounds of corrosion,
electron microscopy for determining the morphology of corrosion
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products, electron-probe microanalysis, scanning electron micro
scopy and polarization measurement.

He observed that the first five

techniques are generally very expensive and complicated in use and
rarely provide information that could not be inferred from simpler
and less expensive methods.

They usually supply information that

is specific to small areas of the specimen which are very sensitive
to contamination.
The polarization measurement technique is growing in importance
and merits further discussion.

Here, current flows by electrochemical

process between anode and cathode and causes changes in electrode
potentials.

The change is termed polarization and it affects the

rate of corrosion.

The equilibrium potential, often referred to as

corrosion potential, exists when the oxidation and reduction rates
are constant.

The measured corrosion current can be used to calcu

late corrosion rate by Faraday's Law (37).

Also, plots of anodic

and cathodic polarization curves are experimentally obtained from these
potential and current measurements.

From the curves, the corrosion

rates can be calculated by two possible methods:

Tafel extrapolation

and linear polarization.
The Tafel extrapolation is based on the theory that, away from
corrosion potential region, the experimental curve superimposes
the true polarization curve (37).

At this region the curve is linear,

and when this linear portion is extrapolated, it passes through the
corrosion potential region.

The current density at this point is
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obtained from the curve as I

corr.

The current is then used to compute
r

the corrosion rate as follows:
R mpy = 0.131
.
corr.
where:

R

e/

P

mpy is corrosion rate in mils per year

Icorr

■'•s t*ie current density in microampere per square centimeter

e

is equivalent weight of metal in grams

p

is density of metal in grams per cubic centimeter.

However, the method does not provide a distinct Tafel region where
there is more than one reduction or where concentration polarization
is strong.
The linear polarization technique (37) makes use of external
currents applied to move the potential from the freely corroding con
dition.

Here a curve of potential versus applied current is constructed

and the slope is calculated or derived as

A

E/^I.

This slope had

been determined to be related to corrosion current which is directly
related to corrosion rate of the freely corroding material by
B B
I

where:

corr.
B
B

2.3(B

A

ac

a

+ B )
c

is anodic Tafel slope,

c

^
^

I
E

E is change in potential

is cathodic Tafel slope, Z lI is change in current applied,

The linear polarization theory assumes that B^B^/CB^ + B^) remains
unchanged for a given system; therefore, the equation may be reduced
to
I

corr.

= K

A1
A

E
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The error in this technique comes from the estimations in the measure
ment of B

a

and B

c

which may be beset by the same problems as in the

Tafel extrapolation technique (37).
In-plant or mill corrosion measurements are done by either con
ventional coupon testing or by commercial instruments which respond
to the electrochemical and electrophysical actions produced by corro
sion processes (3, 38).

Commercial instruments which yield polariza

tion curves for corrosion includes the Model 1171 Corrater, Magna Cor
poration of Santa Fe Springs, Texas, and the Model M-103 Petrolite
Corrosion Rate Meter, Petreco Division of Petrolite Corporation,
Houston, Texas.

They are capable of giving approximations of instan

taneous corrosion rates.

The data obtained from the measurements

with the Petrolite Corrosion Rate Meter provide a semiquantitative
estimate of pitting tendency.

Care is necessary to obtain quantita

tive, reproducible results since the operational modes of the instru
ments are subject to many interfering variables (37, ASTM D 2776-72).
The Model CK 2 Corrosometer manufactured by the Magna Corporation
is an electrical resistant instrument.

It works on the principle

that a probe corroding in an aqueous system suffers a loss in thick
ness.

The thickness reduction causes a rise in electrical resistance

to the corroding action current.

It gives a relative result based

on the electrical resistance ratio between a corroding probe and a
protected electrode.

A Kelvin Bridge type instrument is used to

obtain a plot of a resistance versus time.

The slope of the plot

is then converted to corrosion rate with the equation:
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P = 0.35 FR/T
where P

is corrosion rate in mpy

F

is probe multiplier

R

is change in resistance to corrosion current

T

is time in days for occurrence of R

Within the

electrical resistance instruments falls the Pearson Null

Bridge, developed for the evaluation of inhibitor effectiveness (38).
Its principle of operation is based on the fact that an inhibitor sets
up a barrier at the metal surface and the barrier may interfere with
current flow, resulting in an ohmic resistance.

The influencing

factors are the polarization potential of the test electrodes and
the changes in current due to it, the potential across the film
formed by the inhibitor, the resistance due to the electrolyte, and
the corrosion products.

The bridge design is such that the contri

butions from the film and electrolyte can be eliminated so that only
the polarization effect can be studied.

A combination of D.C. and

A.C. on a null bridge provides the control of some of the following
variables which plague other commercial instruments:

resistance

of the electrolytic solution, the film resistance, the metal surface
and external currents.

Elimination of all these leaves only the

local current developed from corrosion processes.
Although the commercial instruments discussed above can be
adopted for laboratory corrosion evaluation, the most popular method
used in the laboratory and in-plant evaluations is the weight loss
method.

ASTM D 2688-70 gives four variations of this method.
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These are "Wire coil test - NDHA, Coupon test, Machine-Nipple testISWS, and Machine nipple test-USBM.

The

last two, as the names

imply, are nipples machined on the walls of the corroding surfaces.
They are developed for in-plant corrosion tests and are especially
suitable for evaluating corrosion in heat exchangers.

But these

cannot be easily adopted for laboratory experimentation.

The labora

tory installation of the wire coil type is similarly difficult.

It

is installed at the center of the flowing liquid where the velocity
of flow is highest and it is particularly suitable for detecting
erosion corrosion.
The coupon technique is simple, straight-forward and gives
quantitatively the amount of metal that has been destroyed by corro
sion.

It is ideally suited for uniform corrosion measurements because

it gives average corrosion rate over the whole metal surface.

Its

relevance under localized corrosion is, however, often enhanced by
qualitative examinations as mentioned by Borgman (35).

Microscopic

observations reveal the nature of local actions such as pitting,
crevices, intergranular attack, stress corrosion cracking.

In effect,

it is difficult to measure localized corrosion, as indicated by
Henthorne (39).

Each type of localized corrosion requires a specific

technique of measurement in order to make it meaningful.
The principle of weight loss measurement is based on the decrease
in weight of a metal specimen due to the electrolytic dissolution.
This loss can be measured by determining the Corrosion Index, K,
known as the coefficient of corrosion.

It provides the relationship
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between the initial weight of the metal Po and its weight after
corrosion

per unit of investigated area F:
P

- P

K - _2

L(40)

F
Another index of evaluation is the rate of corrosion measure in

2

mg/in /day and converted to milli inches per year (mpy) as follows:

2

mg/in /day x 2.85 = mpy (15)
Other units of expressing weight loss as a measure of corrosion rate
are inches per year (ipy), milligrams per square decimeter per day
(mdd), etc.
some factors.

Each of these units is, however interconvertible by
Henthome

(39) listed several of these units and the

factors for converting one to the other.
Research results reported in NCASI Technical Bulletin No. 282
(15) showed that there is a sound theoretical basis for the linear
polarization technique.

The report upheld that empirical data

collected by many workers since 1956 established the validity of
linear polarization theory and the electrochemical technique used
to implement it.

NCASI evaluated several commercial instruments

designed on the principles of linear polarization and compared results
with the NCASI coupon test procedure (15).
were the Corrater and Corrosometer.

The instruments evaluated

In an unpublished report, they

concluded from extensive investigation that, under similar conditions,
reproducibility was better among individual coupons than among
individual instrument probes.

In another study for the mechanism

of sodium silicate inhibition of mild steel in aqueous media, Kantawala
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(41) compared the results of corrosion rates obtained by the over
voltage intercept method, the polarization resistance method and the
weight loss method.

He found that all three methods agreed reasonably

well with each other.

Corrosion Theories

The general theory of corrosion

Evans (42) defined corrosion as "... destruction of metals by
chemical or electrochemical action" and Brasumas and Hammer (43)
defined it as " __

deterioration of a substance (usually a metal)

or its properties because of a reaction with its environment."

For

the purpose of this study, the considerations were limited to Evans'
definition, because the system under study was aqueous.

The material

interactions in aqueous environments are mainly chemical or electro
chemical (27, 29, 44).
The fundamentals of electrochemical nature of corrosion is given
by Butler and Ison (28).

The process involves (a) Anodic reaction

where corrosion directly occurs and the metal goes into solution by
oxidation.
(i) Fe

=Fe++

+

2e

(-0.44v)

(b) Cathodic reactions where oxidized ions and oxygen are reduced.
(ii) -a- 2H+

+ 2e

= 2H°

-b-

H°

+ H°

= H2 (gas)

02

+ 2H20

(iii)

=

40H_

(O.OOv)

(0.40v)
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Other cathodic processes may include the following reactions:
(iv)

(v)
(vi)

4H2

+

Fe+3
Fe

++

=

S°4
+

e

+

S

+ 4H20

Fe4^

=
-2

S

=

(0.77v)

FeS

A combination of anodic reaction with its more negative potential
and any of the cathodic reactions would set up a potential differ
ence between the two electrodes such that a current directly propor
tional to the corrosion reaction would exist.

The potential at a

maximum corrosion current density is known as corrosion potential.
This critical potential is maintained as long as there is a circuit
comprising anode-cathode-electrolyte system.

The cations flowing

from the anode to cathode could be protons or metal ions.

The anions

could be hydroxyl ion, chloride ion, sulfate radical or carbonate
ions.

They would be migrating to the anode via the electrolyte.

The hydrogen atoms from equation (ii) -a-, when absorbed on the
cathode, polarize the surface.

The corrosion potential drops as the

polarization potential increases; consequently the corrosion current
decreases.

Reaction (ii) -b- is a depolarization one.

Here the

evolution of hydrogen gas promotes the corrosion process.

The

cathode reaction (iii) is perpetuated by the supply of oxygen and it
occurs at a higher potential than hydrogen depolarization (22).
The accumulation of OH

group increases the alkalinity of the

system at points close to the cathode.
anodic reactions combine with the OH
(vii)

Fe++

+

The metallic ions from the
to form precipitates:
20H~

=

Fe(OH)2
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In the presence of more or sufficient oxygen, the Fe(OH)2 is oxidized
to ferric oxide.
(viii)

-a- 4Fe(0H)2 +

C>2 +

2H20

= 4Fe(OH)3

-b-

3Fe(OH)3 +

2C>2 =

+ 6H20

-c-

4Fe(0H)3 =

2Fe20 3

+ 6H20

The Fe203 is the iron rust which is the final product of corrosion
of iron.
When oxygen is depleted, and sulfate radical accumulates in the
presence of sulfate reducing bacteria which are often present in
deposits and scales, the sulfate may be reduced to sulfide:
(ix)

H0
2

+

SOT2 bacH erial s"2
4

+

H_0
2

The cations of many divalent metals may combine with the sulfide
to form metal sulfides:
(x)Fe+ +

+

S"2

=

FeS

The precipitated sulfide does not interfere with the activities of
these bacteria, so the corrosion process goes on unhindered (3,11).
More information on various aqueous systems and their corrosive
characteristics are discussed by several authors (27, 29, 43, 44).
Various kinds of possible corrosive attacks have been presented before
this report, while the factors that may contribute to attack were
outlined by Springer (43) and Laque (46).

Many possible reasons

behind the occurrence of different corrosion types in different
systems and environments have been recognized by many authors (3, 47).
The corrosion process, by its own nature is self combating.
Evans (42) reported that metallic destruction by chemical action
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may start rapidly but slows down when the corrosion products so pro
duced interfere with the electrochemical dynamics.

The final reaction

products of corrosion precipitate as oxide films which slow down the
rate of ionic diffusion to the corroding surface.

These oxide films

and other corrosion product scales are inhibitive.

For this reason,

oxygen and other oxidizing agents can also provide protection against
corrosion (22).

Corrosion is perpetuated when the obstructive films

on the metal surface are subject to continual cracking or scraping,
or destroyed by dissolutuion in the acqueous medium.

Theory of inhibition

Piluso and Nathan (3) defined a corrosion inhibitor as "The
chemical added in small concentration to water systems which will
stifle, decrease, or prevent reaction of metal with its environment."
This definition accounts for the quantity necessary to achieve inhibi
tion.

It indirectly covers the low cost credited to inhibitor appli

cations (27).
tion

It further predicts the possible mechanisms of inhibi

which may involve stifling, or reduction of rate of attack or

prevention of corrosion.

Mechanism of inhibition

Chemical inhibition does not follow a standardized and single
mechanism.

Some inhibitors retard corrosion by

adsorption to form

invisible thin films which are just a few molecules thick (48).

Others

achieve inhibition by forming visible bulky precipitates which coat
the metal surface against environmental attack (17.)

Others inhibit

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited without perm ission.

29

by the formation of a passive layer on the corroding surface (17,
27, 42).

Yet others just interact with the system by removing the

aggressive material (47).

However, Bergman (29) pointed out that

the inhibitive process can be generally predicted from the funda
mental mechanism of corrosion.
As presented in the general theory of corrosion, for corrosion
cell to operate, electrical connection with both electronic conductor
and ionic conductor must be formed between two regions of potential
electrochemical reaction.
and the cathode.

These regions are formed by the anode

The corrosion cell forms a closed circuit of which

the overall rate of corrosion is limited to that of its slowest
reaction step which may occur at the anode or at the cathode or even
in the conducting circuit.

Dunlop (24) proposes a set of anodic

reactions by which metal dissolution follows adsorption-desorption
and electron transfer mechanisms:
Fe+ +

(dissolution)

(xi)

Fe ^

(xii)

Fe

(xiii)

FeOH~

FeOH

+

e

(desorption, oxidation)

(xiv)

FeOH

FeOH+

+

e

(oxidation)

(xv)

FeOH+

+

+2e

+

(adsorption)

Fe(OH)~

OH'

e

FeOH

(desorption)

The adsorption-desorption steps (xii) and (xv) are susceptible to
the environmental influences including inhibition (24) .

Competitive

adsorption from electrolytic constituents such as benzoates and car
bonates or even neutral molecules and chlorides can either retard
corrosion by repressing step (xii) or accelerate it by promoting
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step (xv).

The electrochemical oxidation steps (xiii) and (xiv) are

similarly affected by the environment.

The anode reaction types

presented here can result in buildup of corrosion products which may
effectively stifle the reaction, but more so, may be a prelude to
formation of passive films.

In anode controlled corrosion, passiva

tion is by far the most important phenomenon and inhibitors can
greatly broaden the range which passivity can be obtained.

Film

growth may occur by transformation of the prepassive films by the
migration of ions and electrons through lattice vacancies when under
the influence of some critical potential gradient.
Two possible elements in the electrolytic medium, molecular
oxygen and hydrogen ion, form the electron acceptor at the cathode
for the electrons generated by the anodic reactions.
are similar to equations (ii) and (iii).

Their reactions

In the case of oxygen con

trolled corrosion, the mass transfer of oxygen is usually rate limiting
because of low solubility of oxygen.

For this reason, the corrosion

rate in oxygen controlled reaction is affected by flow characteristics.
In a stagnant environment, oxygen may be rapidly depleted adjacent
to the cathode which leads to a slow depolarization that is limited
by diffusion of oxygen through the electrolyte.

But, in the following

systems fresh oxygen is continuously supplied and that maintains a
high rate of depolarization.

Factors that affect the solubility of

oxygen affect the corrosion rate through their effect on mass transfer.
In acid controlled corrosion, however, a sequence that may not
depend on mass transfer due to higher solubility of hydrogen may be
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followed.

Hydrogen ion is readily adsorbed to the cathode where it

is reduced to the hydrogen atom resulting in polarization.
follow, subsequently, either of two reaction parts:

It may

either it is

evolved by reaction between two adsorbed atoms as in equation (ii) or
it is evolved by reaction between a proton and atom of hydrogen in
the presence of cathodic electron
(xvi)

H+

+

H°

+

e

=

H 2 (gas)

In either case, desorption of hydrogen molecule results in depolari
zation of the cathode and promotion of corrosion.
Following the theory thus presented and considering the effect
of mass transport under aerated oxygen controlled corrosion, the
effects of inhibitors on these reaction processes categorizes them
into three classes:

corrosion deactivators, adsorptive inhibitors,

passivators and corrosion product barrier formers.
The corrosion deactivators combat corrosion through the removal
of oxygen by chemical reaction.
by neutralization with a base.

Also, acid corrosion may be stopped
The approach represents a direct

attack of the corrosion process by removing the elements responsible
for cathodic reactions.

Without the cathode reaction, the anodic

process is stifled.
Adsorptive inhibitors provide effective competitive adsorption
on the cathodic surfaces with hydrogen ion or oxygen.

The effective

ness of corrosion promoting adsorption by hydrogen ion or oxygen
depends on the presence or absence of competing species.

These in

hibitors are usually polar organics which may adsorb on the metal
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surface and effectively exclude hydrogen or other reducible ions.
Within the group of adsorptive inhibitors fall others which, by
forming an oil-wet surface on the metal, essentially exclude the
electrolyte and are known as pickling inhibitors, filming inhibitors
and wetting agents.
Passivators and corrosion product barrier formers can act in
such a way as to affect anodic and cathodic reactions simultaneously.
They stifle anodic reactions and may raise the cathode potential to
the high level for spontaneous passivation.
barrier may limit the cathodic reaction.

A corrosion product

Generally, passivation is

associated with oxidizing media (high positive potential) and the
formation of thin protective oxide films.
The foregoing principles of corrosion, as they relate to inhibitor
application, can, however, be best understood from the thermodynamic
processes under equilibrium conditions (the state of maximum corro
sion potential).

Materials corrode because the Gibbs Free Energy

of the metal is higher than in the combined state.

Therefore, pure

metals and their alloys tend to react to release the excess energy
to stabilize themselves at the lower energy level of their ores.

The

energy released provides the driving force for corrosive reactions.
The rate of change of the free energy is related to the emf of
the reaction and to the corrosion rate.

An inhibitor may, therefore,

function to decrease the corrosion potential, hence, the corrosion
rate at equilibrium state.

The change in equilibrium potential is

equal to the sum of the energies released in the various parts of
the electrochemical system (48).

Therefore, according to Gibbs:
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(xvii)

P

=

-NFE

where P = change in free energy,
N = number of equivalents, F = the Faraday
E = reaction potential
At equilibrium, we expect
(xviii)
where E
a

E

= E

a

+

E

c

+

E

e

+

E
m

= total polarization potential at the anode area and
includes concentration potential, anode over-voltage
and IR

Ec

= total polarization potential at the cathode comprising
factors

similar to the three in E

a

E^ =

product of current and resistance of

electrolyte

E =
m

product of current and resistance of

metal between

anode and cathode.
Based on Ohms Law, E , E E
a c e

and E are all functions of current
m

density.
From equations (xvii) and (xviii), the control behavior of the
corroding process is obtained.

If E

is dominant, the process is
ct

under anodic control but, if E
cathodic control.

c

is most important, it is under

The effectiveness of any inhibitor can be measured

in terms of the magnitude of E

3

and E .
C

E is approximately zero in all cases.
m

E

6

is usually negligible and

A chemical that increases

the magnitude of E& is an anodic inhibitor while the greater size
of E

c

is referred to as cathodic inhibitor.

Some chemicals may
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affect the two potentials equally and are both anodic and cathodic
inhibitors.

According to Hackerman and Snavely (47) and Webster (49),

these dual purpose inhibitors provide controls known as "Ohmic control.
They act by increasing the electrical resistance of the electrolyte.
Similarly, inhibition processes in aqueous systems are affected by
all the variables that influence electrochemical corrosion.

In

addition, fluid flow patterns and inhibitor compatibility with the
system are of particular significance.

Corrosion Control

The foregoing review of corrosion problems in the paper machine
wet-end points to one very obvious fact:

that corrosion hazards can

be very damaging if concerted efforts are not made to control them.
By the nature of corrosion processes, the materials of the paper mill
structures often deteriorate unobserved.

The corrosion mechanisms

constantly change with each change in process equipment and operating
techniques.

Even though an effort had been made by the Canadian

survey to tag a dollar value to the cost of corrosion to the industry,
it is quite difficult to make an accurate estimate of the cost of
all its manifestations because a lot

of the effects of corrosion are

covered under capital expenditure and maintenance factors.

Also, at

its worst, corrosion can cause tremendous losses of product by leakage
or product contamination.

When there are major spills, due to corro

sion leakages, the impact of corrosion on personnel morale can be
very devastating.

In all, what appears as the most disturbing aspect
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of corrosion problems in the paper mills is that not enough attention
is given to it.

The industry personnel are most often more concerned

with production and sales functions, either because of lack of knowledge
of dealing with corrosion or because of the subtle nature of corrosion
processes.

The on-going interest of researchers in paper manufacturing

since the pressure on the industry to control the paper mill effluent
discharge, seem to focus on the impact of zero discharge on product
quality.

Little attention seems to be given to the tremendous impact

on corrosion by the closure of white water systems.

Therefore, some

review will be made, subsequently, of the limited effort on corrosion
control in the paper machine wet-end.
Sorell (50) outlined the three possible categories within which
corrosion control in process industry can be classified:

selection

of chemically resistant materials of construction, design and fabrica
tion of equipment to prevent incidences of corrosion and modification
of corrosive environment.

Obviously, the implementation of any

of these presents special difficulties.
The use of chemically resistant metals and non-metallics had
been the cornerstone of corrosion control in process plants.

Modern

pulp and paper mill structures are preferably constructed with stain
less steels because they belong to the group of the so-called corrosion
resistant metals and alloys.

The stainless steel develops ferric

chromic oxide film that obstructs environmental attack.

Serious

bronze shell corrosion of suction couch rolls compelled some paper
mills to change to stainless steel 400 series at enormous steel
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cost (4.7).

Stainless steel 18-8 cladding has reportedly (32) been

used to control corrosion of pulper tables because it is said to have
excellent abrasion resistance.

Unfortunately, these high grade metals

and alloys are quite susceptible to localized corrosion, as was pointed
out under incidence of corrosion.

Several reports do attest to

corrosion of stainless steels used in the paper mills (11, 28, 43).
Muhonen (11) gave a detailed account of stainless steel's response
to corrosion attack under paper mill white water and stock environments.
Piluso and Nathan (3) told of four cases of corrosion encountered
by four different mills.

A large Kraft mill using 304L stainless

steel for its headboxes and rectifier rolls experienced crevice
and pitting corrosion in various parts.

Corrosion by microbiological

activities and oxygen concentration cells were found to exist under
and around chemical and deposit scales on stainless steel structures.
Vadas (4) reported that, when stainless steel structures are subjected
to stress cycles, under corrosive paper stock as in suction couch
rolls, they deteriorate.

Bonner (32), Sailas et al (33) also reported

that 18-8 stainless steel was susceptible to white water corrosivity.
Corrosion of this grade of stainless steel in the white water system
is said to be due to the content of sulfur and its compounds (33, 34)
— the nature of attack being pitting and crevices.

The protective

oxide film of the steel breaks down when the sulfur reacts to form
metal sulfide.

It is also reported by Bonner that this adverse

influence of sulfur on stainless steel is extended to other nonferrous materials such as brass and bronze.

Practically no single
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class of stainless steel can provide all the necessary protection
against corrosion-causing variables.

For instance, stainless steel

316 is notably able to withstand electrochemical corrosion for longer
periods, but it cannot take much stress (which may also lead to stress
corrosion cracking).

Stainless steel 400 series, used to replace

brass couch rolls, can withstand strong stress cycles but is not
sufficiently resistant to electrochemical corrosion as the 316.
Apparently, this type of situation leads the mill management to go
in circles and continuously invest in material that cannot control
the hazards of corrosion.
Some degree of success, in isolated cases, has been reported
in the literature for measures directed to the second class of control
program.

Walz (5) reported on the use of a reinforced plastic struc

ture to provide a cheap alternative to stainless steel replacement.
This mill was said to have had its steel pipes, tanks, ducts, conden
sers, and headboxes replaced by fiberglass reinforced plastics (FRP).
According to Walz, these plastics have demonstrated resistance to
a broad range of chemical environments found in paper mills.

Corro

sion problems in the Alabama pulp and paper mill were reported (6)
to be solved by relining 26" ID and 3000' long pipes with high density
polyethylene pressure pipes.

This offered a cheaper alternative to

removal and replacement of the existing lines.
Fourdrinier wire corrosion has been a familiar problem in the
mills since the inception of endless fourdrinier machine wires.
awareness of deterioration of fourdrinier wires under paper stock
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corrosivity had lead to the development of a method to combat it.
Jilke (2) and Piluso and Nathan (3), and Richardson (13) reported
on a conversion from bronze wire to synthetic fabrics.

Wire life

has consequently been extended to several months, sometimes up to
a year, as compared to five to nine days of bronze or brass wires.
Fourdrinier wire life extension by replacement with synthetic fabric
was also a subject of discussion by Stitt (30).
Coatings and paints had been used to protect the machine frame
work and structures as reported by Bonner (32).

These treatments

protect the base metal from atmospheric and other corrosions.

The

use of barrier coatings and their mechanism is presented by Hammer
(9) and Laque (12).
with problems.

However, the use of barrier coatings is fraught

Hammer and Laque pointed out that corrosion can be

initiated under the coating and would continue out-of-sight into the
metal until it reached a crisis point.
The replacement of steel pipes with FRP, reported by Walz,
caused fabrication failures and mechanical or vibration problems.
The relining of corroded steel pipes reported in (6), was found to
be tedious and time consuming.
downtime were involved.

A considerable amount of labor and

Also, relining an existing duct or pipeline

reduces the original pipe capacity and affects the throughput.
The replacement of the bronze and brass fourdrinier wires with
the fabrics has some notable drawbacks.

The longer service life of

the fabric requires more regular cleaning with greater concentration
of cleaning chemicals to prevent plugging.

Extreme low pH cleaning
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chemicals aggravate the failure of machine structures.

Also, the

metallic bronze or brass wires function as a sacrificial anode which
provides the cathodic protection to the couch roll (3, 13).

Its

replacement with fabrics removes the protection and the suction couch
roll corrodes rapidly.

Stitt (30) noted, in a particular instance,

that the later condition caused the couch roll to fail under stress
and sharp edges developed through corrosion of a steel couch roll
gnawed at the under side of the plastic filaments.

He reported that

the service life of the plastic wire was reduced in this way by 95
per cent.

This is undoubtedly a serious problem considering that the

cost of a single fabric is more than double that of an equivalent
metal wire.
Modification of the corrosive environment presents the most
challenging control program to the paper manufacturer.

He could

rely on equipment manufacturers to provide him with what they feel
would satisfy the first two alternatives.

But, experience with the

paper mill electrochemical processes indicates that the ever-changing
wet-end systems do not guarantee the continued suitability of a
particular piece of equipment.

The paper manufacturer, therefore,

is faced with the identification of the corrosion causing agents
and learning how to control them.

An examination of the paper mill

systems reveals that corrosion causing agents would be active no
matter what type of equipment modification or replacement was installed.
Microbiological corrosion would attack, directly or indirectly,
any metal element, particularly those metals containing sulfur and
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sulfur compounds.

Iverson (25) suggested that microbiological corrosion

can be combated in the process industries by the application of corro
sion inhibitors and coatings.

He found that these inhibitors were

much easier to use in closed systems than in open systems.

He also

suggested that oxygen can be used to inhibit corrosion by anaerobic
bacteria.

Several other effective methods for fighting microbiological

corrosion are reported in the literature (2, 7, 8, 51, 52).

Among

the most effective control methods is cathodic protection.

Cathodic and anodic protection

In a corroding medium, current flows between the anodes and
cathodes that may exist side-by-side on a corroding metal surface.
The higher the current, the faster the anode corrodes.

If an exter

nal circuit imposes an additional current, the corroding current can
be altered or changed in such a way as to control the rate of corro
sion.

If the applied current is in opposition to the corrosion, the

corroding current can be nullified and the corrosion stopped.
is the principle involved in cathodic protection.

This

If, however, the

potential is applied in such a way as to reduce metal potential to
a level where the corrosion proceeds at a considerably lower rate,
the metal is passivated and the technique becomes anodic protection
(53).

Cathodic protection can, therefore, be defined as the passage

of an electrical current into a metal at an equal or greater rate
than is flowing out of the metal as it corrodes.

The protection

can be accomplished by connecting a large D.C. source to the corroding
metal

and to an electrode that becomes the anode.

The amount of
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D.C. required to effect a protection depends on the corrosion rate
and the length or size of the material to be protected.

The anode

may be an inert material or one that deteriorates and which will be
replaced at intervals.

When the cathodic protection technique in

volves the use of a more active metal anode than the structure to be
protected, the technique is termed galvanic protection.
active metal is called a sacrificial anode.

The more

Most metals with high

negative potential such as magnesium or zinc are used as sacrificial
anodes.
Cathodic protection is beset with some problems that limit its
use.

It is considered quite expensive because it involves high capital

investment and high maintenance costs.

One of the greatest diffi

culties in its application is that some stray currents that may affect
the corrosion rate of adjacent metal structures may be generated.

In

acid controlled cathodic reactions, hydrogen produced at the cathode
may cause blistering, embrittlement, and peeling of coated metal
surfaces (53).

Since an external power source is involved, power

failure will result in protection failure.

In any event, cathodic

protection in paper mills, where many complex structures consisting
of different metals are close together may prove unsafe.
An alternative technique to cathodic protection is anodic pro
tection.

This technique is only applicable to metals and alloys that

show active-passive behavior such as iron, steel, and stainless steel.
As with the cathodic protection, the corrodent must be an electrolyte.
The application of anodic protection requires as much exacting controls
as the cathodic protection; for instance, the ability to accurately
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maintain the desired potential over the entire structure is critical
(53).

If a significantly higher or lower potential is applied, the

metal corrodes at a higher rate than the unprotected structure.

Also,

high current is needed to induce passivity and this requires a large
power source or the use of expensive materials that require lower
grade potential current.

These difficulties and the need to maintain

a constant potential throughout a commercial structure has made it
unacceptable.
Nevertheless, cathodic protection has found some specific appli
cations in paper mill systems.

Bonner (32) reported that a Norwegian

mill, by means of specially designed doctor blades, prevented cylinder
dryer corrosion by cathodic protection.

Muller and Muhonen (8)

accounted for the use of cathodic protection to reduce the corrosion
of steel tanks, heat exchanger shells, turbines, condensers and headboxes in the pulp and paper industry.

Corrosion inhibitors

The foregoing review shows that stainless steel cannot be relied
on to control corrosion in paper mills.

In spite of the general

reliance on the corrosion resistant alloys and metals, their capital
cost is high.

The need for tighter system closure to achieve effluent

control standards and chemical recoveries inevitably increases the
potentials for corrosion failures of formerly safe systems.

These

reasons make it necessary for other control methods to be examined.
The most logical or practical approach would, therefore, be to fight
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corrosion through its own mechanism and that is to inhibit the electro
chemical process itself.

This approach would improve the serviceability

of any equipment in current use.
Inhibitors and their mechanisms in inhibiting electrochemical
corrosion processes have been presented previously.

They exist in

many forms that it is easy to find a class that would be adaptable
to any paper mill system.

In any case, inhibitors and their usage

against electrochemical corrosion is a well established method for
minimizing corrosion, particularly in closed petrochemical and chemical
industries.

Its potential uses in the pulp and paper industry have

been a subject of growing interest.

So far,

the use of chemical

treatment to abate corrosion in paper mills has been limited to the
wet-end (32).

Wire cleaning, to remove both slime and other deposits

from corrosion products, is reported by Bonner (32) to be done by
inhibited sulfuric acid or sulfamic acid.

This forms an organic

film on the metal such that corrosion deposits are attacked while the
base metal is protected.
remove corrosion products.
use

deteriorates

controlled.

Periodic bleaching out has been used to
The fault with this method is the regular

the wire, and bleach concentration needs to be

Residual bleach needs to be flushed with copious amounts

of fresh water, thus fresh water usage is increased.
Bonner indicated that some United States mills have been success
ful in the application of certain organic inhibitors which form
strong elastic film on the wire, thus protecting it from corrosive
attack.
4.0.

The protection was reported to be effective even at pH of

He cited claims on the ability of these inhibitors to resist
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erosion corrosion of the wire by high speed stock.

They also reduced

the incidence of corrosion of circulating pumps fitted with brass
and bronze impellers.

Piluso and Nathan (3) reported that stock line

corrosion had been reduced by a combination of a slime control pro
gram and application of an organic filming inhibitor.
reduction of corrosion loss at low concentration
was claimed.

Considerable

(6 ppm to 12 ppm)

The result of weight loss evaluation showed a drop

from 40 mpy to

6 mpy.

The inhibitor was reported to reduce the

galvanic corrosion of mild steel - stainless steel couple.

Smith (31)

proposed that crevice corrosion could be controlled by oxidizing
inhibitors.

Since crevice corrosion is mainly associated with oxygen

concentration cells, it could be controlled by oxidizing inhibitors
capable of providing additional oxygen to maintain passive films.
The areas of high oxygen demand create a tension on passive oxide
films normally on the stainless steel or passive surfaces and result
in film breakdown.

A continuous application of mercaptobenzothiazole

(MBT) based inhibitor started at 0.5 lb/ton of production (250 ppm)
and reduced to 0.25 lb/ton (125 ppm) within 12 days, completely
prevented the corrosion of the newsprint machine mentioned in (3).
The mill was said to have incorporated the MBT treatment as a continu
ing program.
Couch roll corrosion caused by a change from phosphor-bronze
wire to fabric by a mill running unbleached kraft at 750 tpd and pH 5.5
at 57° C (134.6° F) was completely stopped by the direct showering
of fresh water carrying MBT onto the couch roll surface.
gram was at a treatment cost of 4 to

This pro

8 cents per ton of production (3).
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The history, thus presented of corrosion abatement in paper mill
systems carrying both stock and white water, shows that the limited
chemical inhibitor application has promise.

This is particularly

significant considering the fact that general industrial chemical
treatments are noted for their simplicity in application and relative
cheapness in cost.

Nevertheless, for best results, careful inhibitor

selection and system compatibility are required to guarantee troublefree application.

Certain classes of inhibitors can create or aggra

vate corrosion if not properly applied.

Anodic inhibitors, for in

stance retard the anodic reactions and are usually oxidizing agents
that promote passivity, or film formers that precipitate insoluble
films on the anode area.

Anodic inhibitors were classified (54) as

dangerous inhibitors, particularly the oxidizing types because they
must completely protect the anodic areas to be effective.

If a

small anode area is not protected, it will corrode very rapidly
(mainly by pitting and crevice corrosion) because high current density
develops from the large cathode/anode surface area ratio.

Anodic

inhibitors can also depolarize the cathode reaction and accelerate
corrosion be fore they have passivated the entire anode area.

On the

other hand, cathodic inhibitors were termed safe inhibitors because
they do not stimulate corrosion if present in sufficient quantity.
But they are usually less effective than the anodic inhibitors.
Adsorption inhibitors are the safest class of inhibitors because
they influence

both anode and cathode reactions.

They prevent

corrosion by stifling the cathode or anode reactions through adsorption
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and film formations.

They are said to be effective in acid solutions

too (20).
However, the status of corrosion control by direct control of
electrochemical corrosion processes in the paper mill wet-end had
been a trial-and-error approach.

No systematic study had been done

to characterize the white water system and the possible inhibitors
in order to determine compatibility.

Moreover, the results of

corrosion inhibition so far reported in the industry have been on
open or semi-closed systems.

The performance of these inhibitors,

as the white water systems become more tightly closed, had not
been determined.
this information.

The present investigation was designed to provide
Also, the experimental design was developed to

indicate the possible mechanisms by which inhibition is achieved
by certain inhibitors.

The variables in the white water systems

that tend to influence

inhibitor performance were also examined.

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

STATEMENT OF THE PROBLEM

As Bowers (9) noted recently, past considerations of corrosion
in white water environments were not specifically directed towards
closed systems.

But, with the advent of closed papermill systems,

environments whose corrosivity had been considered slight or insignifi
cant had become recognizably and significantly corrosive.

Also,

several investigators and reviewers have noted that certain equipment
considered corrosion resistant in previously open or slightly closed
white water systems were no longer effectively corrosion resistant
under the more corrosive closed white water.

One needs to read

the latest paper by Richardson (13) to appreciate how serious corro
sion problems in fine paper machine systems are currently.

However,

most studies leading to the current discussions on corrosion were of
a general nature, apparently directed to making mill managements
aware of potentially serious corrosion problems.

Practical efforts

aimed at corrosion abatement in paper mills are essentially that of
avoidance by equipment replacement with the so-called corrosion
resistant materials.

But, as the degree of white water system closure

approaches the zero discharge limit, and operating speeds increase,
the most corrosion resistant materials deteriorate in varying degrees.
The result is for the management to race for superior corrosion
resistant materials.

Any improvement thus realized is translated

into capital, equipment and operational costs.

It becomes, therefore,

desirable to consider a corrosion control program that will be
47

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited without p erm ission.

economical and able to continuously inhibit the corrosion of paper
mill equipment in current use.

The program should be easily adaptable

to the system and simple to implement.

Such a program should be able

to deal with continuously changing recycling white water which presents
varying degrees of corrosivity to the equipment in use.

Continuous

inhibition will effectively control the electrochemical processes
responsible for corrosion in aqueous systems.

The application of a

controlled and adaptable corrosion inhibitor or inhibitors will do
just that.

The aim of the present study is, therefore, to evaluate

some notable inhibitors and determine their application possibilities
in synthetic white water systems.

These systems will simulate a first

pass retention and an over 80 per cent closed system of a fine paper
machine.

From the investigation, possible inhibition mechanisms

of these inhibitors in the white water systems will be proposed.
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EXPERIMENTAL PROCEDURES

There were several stages to the experimental program.

The

first of these was the development of synthetic open white water.
It was followed by conversion of the open system to a closed white
water type.

Synthetic white water was developed for the program

because it is unrealistic to run a controlled experiment by using
a particular mill water.

White water systems vary widely from mill

to mill and from one grade of paper to another.

Most of the time,

they vary even from day to day on the same grade of paper from the
same paper machine.

After synthesizing the white water, it was

necessary to carefully analyze the systems to determine the actual
levels of their chemical and physical components.

Even though the

additives were added in discrete amounts, their actual levels would
be different due to the generation of new products by interactions.
The next stage in the program involved the simultaneous assess
ment of corrosion in the open and closed systems.
corrosion was carried out in two stages.

The assessment of

The first stage was carried

out on the two separate systems to determine if there was any signifi
cant difference between them in actual performance.

Also, this stage

served as a screening stage for the two types of coupons used.

The

criteria would be the identification of the metal type that would
provide a measurable corrosion rate within a reasonable length of
time.

In addition, this screening would be able to indicate the

approximate length of time required for the chosen metal to attain
49
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steady rates of corrosion.
The second stage involved the use of the above screening informa
tion as a control for the subsequent corrosion inhibitor evaluations.
Each of four separate and widely different inhibitors were evaluated
for their inhibitive properties in the two systems.

Synthetic White Water Development

The white water type synthesized and used throughout the study
simulated that of a fine paper mill white water system.

Open white water development

The synthetic open white water was generated from actual pulp
which was processed by the TAPPI Standard Method for laboratory
processing of pulp (T 200 ts

66).

The beater used was a standard

one and a half pound beater that met the specifications outlined
in the method.
plate.

It was a slotted disc type with a controlled bed

The stock was processed or beaten with a standard 5500 gm

weight on the bed-plate lever and the roll was driven at 500 rpm
by a one-half horsepower motor.
The pulp furnish was a 50/50 soft wood and hardwood combination
which is a typical fine publication grade furnish.

The soft wood

was taken from a bale of bleached soft wood kraft from ITT Rayonier
Paper Company and the hardwood was a bleached hardwood from Hudson
Pulp and Paper Company.

Following the standard method, the dry

pulps were disintegrated in a standard laboratory disintegrator, with
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deionized water, before being transferred to the beater.

The pulp

was then beaten at a consistency of 1.60% to a freeness of 291 CSF.
To further simulate the actual mill processes for generation
of white water, the following beater additives were added:
Filler•clay at 15 per cent on pulp
Titanium dioxide (anatase) at 10 per cent on pulp
Alum at 4.0 per cent
Rosin at 2.0 per cent, and
Sodium aluminate at 0.5 per cent of titanium dioxide.
The 10% titanium dioxide addition may be considered high for many
grades of paper filling, especially for economic reasons, but such
a high amount was required to provide a level quite above that possi
ble in any one mill.

Also, in the presence of a titanium dioxide

retention aid, an excess amount is required in order to provide a
sufficient amount of loading in a white water system of one-pass
retention.
In order to generate sufficeint white water for the subsequent
investigations, four identical batches of the stuff were made and
mixed together in an epoxy-coated drum.
mixture at this stage stood at 1.60.

The consistency of the stuff

To simulate fine paper four-

drinier headbox consistency, the stuff was further diluted with
deionized water to

0.6 per cent consistency (headbox consistency

presently stands at from 0.3 to 1.0 per cent).
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White water extraction

In order to generate white water closely resembling a process
open white water system, a single-pass retention system that would
approximate a fourdrinier machine system was needed.

The conventional

laboratory Noble and Wood machine which is usually equipped with
a white water recirculation and recovery device was not considered
suitable for this.

The machine retention characteristics differs

considerably from that of a fourdrinier wire.

It is common knowledge

that retention of fines and fillers in the sheet during the formation
stage is a function, not only of filtration through a fiber mat,
but also of hydrodynamic forces which do not affect the stability
of fines and filler flocculations.

The Noble and Wood machine

retention process lacks the contributions of the second factor but
is greatly dependent on filtration through the fiber mat.

The most

suitable device was found to be a "Minidrinier" Retention Tester
developed by General Mills Chemicals Inc., shown in Figure 1.

It is

a small compact device capable of introducing a strong hydrodynamic
factor and a small filtration factor in a single-pass retention through
a fourdrinier wire.

It consisted of a movable "Plexiglass" slide

which slides at an angle of 60 degrees over a plane covered on the
bottom with a horizontal fourdrinier wire.

Also, the wire was sup

ported by a frame which funneled the filtrate into a clean bucket for
collection.

With the above Minidrinier, 55 gallons (208.2 liters)

of white water was generated by the following batch method:
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A

Sliding Plexiglass

B

Wire Base

Figure 1.

A Minidrinier

C

Water Tray

D

Beaker for White Water

Machine
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The 0.6 per cent consistency stock was continuously and homo
geneously agitated in the epoxy-coated drum by a "lightinin" mixer.
Five hundered milliliters of stuff was removed and poured on the lower
end of the Minidrinier.

Immediately, with one fast speed and at

60 degrees angle, the "Plexiglass" slide was withdrawn such that
the release of the stuff resembled the headbox slice discharge onto
a fourdrinier machine wire.

The stock flowed along the wire beneath

with a characteristic motion of a paper stuff along a moving wire.
The draining process was also accomplished without suction as the
stock flowed along the wire.

The filtrate drained onto the grooved

steel metal base, such that the filtrate flowed out of the Minidrinier
in a fashion resembling machine tray water.

Each batch of the process

described thus far was followed by a washup of both the plexiglass
slide, the wire and the tray with deionized water.

The washup water

was run off and not allowed to mix with the white water.

The buckets

of white water were transferred to a clean epoxy-coated drum and kept
continuously agitated by a Lightnin' mixer.
In order to prevent the germination of bacteria in the white
water, a small amount of biocide, sodium hyochlorite, was added.

The drum of water was then stored in a cold room and used from there
subsequently.

Analysis of synthetic open white water system

A white water is full of many forms of material contaminants.
Present are substantives such as colloidal materials, pigment
particles and precipitates, and non-substantives such as chloride
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ions, sulfate ions, aluminum ions, ferrous and ferric and other
multivalent ions.

Only those considered to influence

the corrosion

processes were analyzed.
As presented in the theoretical part of this presentation, the
influential conditions and materials that affect the corrosivity and
electrochemical process of steel or cast iron in a water system
are hydrogen ion concentration measured as pH, electrical conductivity
of the aqueous medium, water hardness, total alkalinity, and total
acidity of the aqueous medium, oxidative or reductive ions such as
sulfate and chloride, complexing ion such as aluminum, scale or
deposit-forming materials and other suspended and dissolved solids.

pH analysis

The pH of synthesized water was measured with an electrometric
pH meter.

A glass electrode type manufactured by Corning Instrument

Company was used to take advantage of the fact that glass electrode
pH readouts are not affected by any dissolved organics, oxidizing
or reducing agents, or colloidal and suspended materials.

Specific conductance

The conductivity of the aqueous medium was measured before and
after the corrosion assessment to estimate changes in the ionic
characters or concentrations of the white water.

Since specific

conductance measures the general ion concentration and activities
of the dissolved solids, it provides a good indication of expected
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electrochemical behavior of the water.

It was not necessary to

neutralize the white water to remove the excess hydroxyl ions because
an indicator test with phenolphthalein was negative.

Also, hydroxyl

ion, in excess of that from simple ionization of water, was not ex
pected in the synthesized white water.
All specific conductance measurements were done with a ConductoBridge which was constantly adjusted for the temperature of the white
water.

The white water used for specific conductance determination

was filtered with a Number 3 Whatman filter paper to remove all the
suspended solids.

All necessary precautions for obtaining accurate

conductance readings as outlined in the Betz Handbook of Industrial
Water Conditioning (55) were taken in all measurements.

Total hardness

The total hardness was determined by the method outlined in
the Betz Handbook (55).

It is a volumetric titration of the total

calcium and magnesium content in the white water.

The sequestering

agent for the titration was an EDTA-ethlenediamine tetraacetic acid.
Betz hardness buffering agent was used to control the changes in pH
during the titration.

Methyl orange indicator was used to indicate

the end point.

Calcium and magnesium ions

The calcium ion determination method used was a titrametric
procedure using EDTA as the titrant.

The procedure is outlined in
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the Betz Handbook (55) and the text by Fritz and Schenk (56).

Cal

cium indicator Arsenazo was used to produce calcium Arsenazo complex.
EDTA solution was titrated with stirring to the end point.

The

equivalent calcium as CaCO^ was calculated with the following relation
ship :

I

ppm calcium as CaCO^ = ml titrant

1000

^50

\

of sample/

With the determination of calcium as CaCO^ and total hardness as
CaCO^ magnesium hardness was determined as CaCO^ by the difference
between total hardness and calcium hardness.

Total alkalinity

Total alkalinity was determined by direct titration with a
standard acid solution.

Two organic indicators, phenolphthalein

and methyl orange, were used to determine the alkalinity levels
attained in the titration.
M alkalinity.

The total alkalinity was measured as the

The titrant used was a 0.02N sulfuric acid.

A pre

liminary indication with phenolphthalein showed the absence of P
alkalini ty, that meant the absence of hydroxides.

However, methyl

orange indicator showed the presence of M alkalinity, and showed
the presence of carbonates and bicarbonates (56).

The total alka

linity thus titrated was determined as CaCO^ by the following
relation:
/

ppm alkalinity as CaC0 3 = ml 0.02N

H

^

1000

\

( ml white w a t e r )
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Total acidity

Filtered white water was used to determine the total acidity.
To a sample of the water was added some phenolphthalein indicator.
0.02N sodium hydroxide was used as the titrant.

The total acidity

was calculated as calcium carbonate as follows:
ppm acidity as CaCO^ = 0.02N NaOH

Sulfate ion

For the determination of sulfate ion a volumetric method developed
by Aldrich (57) was adopted.

This method was preferred to the gravi

metric method because it is not affected by other ionic impurities
such as calcium, barium and most other cationic impurities.

These

interfering cations were preremoved by ion exchange chromatography.
The chromatogram was set up as follows:

50 ml burette with a

teflon stopper was wadded with a glass wool; on top of the wool was
a 10 cc Dow 50 WX 8 cation exchange resin.
on top with glass wool.

The resin was also wadded

Before the filtered sample was introduced,

the resin was washed with 50 ml distilled water.

A blank was run

with 0.01N ^ S O ^ and the blank was equivalent to 0.05 ml 0.01N
^SO^.

The sample eluted through the chromatographic column to

remove the interfering cations.

30 ml of the first part of the

eluent was discarded and 25 ml of the eluted white water was used
for sulfate determination.

The possible influence

of other anionic

groups such as phosphates and nitrates was ingored since they were
not expected to be present in synthetic white water.
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The oxidizing agent for the soluble sulfate was barium per
chlorate B a C C l O ^ ^
H oS0,.
2 4

which was standardized before use with 0.01N

The titrant was a 0.01N H oS0..
2 4

alcoholic solution by adding 125 ml
sample.

Titration was done under

isopropyl alcohol

to the 25 ml

Four drops of Arsenazo (III) indicator solution was added.

5 ml 0.01N Ba(C10,)„ . 3H-0 was added to the mixture initially, while
4 2
2
under continuous stirring, plus 5 ml more of the perchlorate solution
in excess to give a blue complex with the indicator.
was then back titrated with Q.01N

The mixture

to pure rose pink color.

With the above procedure the sulfate content was calculated as follows:
ppm as S0 ~2 = ml B a C C l O ^ - 31^0 - (ml 0.01N ^ S O

f
H 2S°4

480

- 0.05 ml 0.01N

\

\ ml sample

J

The sulfate thus determined was taken as total sulfate. No attempt
was made

to

determine sulfite or thiosulfate which also might

with the perchlorate

to give falseresults

react

assulfates because they

were not expected to be present.

Aluminum determination

Aluminum ion content was determined by a gravimetric method
outlined by Fritz and Schenk (56).

The method makes use of a che

lating agent which forms an insoluble precipitate with aluminum
in the reaction:
Al +3

+

3C»H,(0H)N: ^
y o

^

A1 CnH, (0~)N:
y b

8-hydroxyquinoline
In order to avoid the co-precipitation of

.+ 3H+

o

solid

8-hydroxyquinoline as is
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usually the case when chelating agent is in excess, a modified
version was adopted.

A sufficient amount of acetone was added to

the solution being analyzed.

The gradual evaporation of acetone at

low temperature range of 70°C to 75°C allowed a slow precipitation of
aluminum oxinate which was then filtered, dried and weighed.

A1

+3

was then determined from aluminum oxinate:
weight of aluminum oxinate

Chloride ion determination

For the determination of chloride ion, the Mohr method outlined
in the Betz Handbook (55) was adopted.

This involved the precipita

tion of chloride ion— as silver chloride— with silver nitrate, in
the presence of potassium chromate as an indicator.

The formation

of the reddish color of silver chromate formed the end point of
silver nitrate - chloride ion titration.

A 0.2 ml silver nitrate

blank for distilled water titration was assumed (55).

From the

equivalent volume of silver nitrate the chloride content was cal
culated as:
ppm chloride as Cl

=

(ml AgNO^ - 0.2 ml) AgNO^ mg/1

Total solids and total dissolved solids determination
Total solids and total dissolved solids were determined simul
taneously by a gravimetric method.

The principle involved the

evaporation to complete dryness of water from the white water sample,
and weighing the residue to determine in parts per million the amount
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of total dissolved solids content.

The suspended solids was determined

by a calculated difference between weighed residues of unfiltered
and filtered evaporated samples.

Closed white water system

The closed white water system was synthesized from a portion of
the open white water system.

This procedure was followed because a

closed white water begins with the first pass of open white water.

In the mill, the closed system is achieved by a closed machine design
such that the white water from the machine system, instead of being
discharged to the receiving stream or basin, is clarified and recircu
lated into the paper manufacturing process.

By continued recircu

lation, all the chemical and colloidal contents accumulate to a
level that classifies the white water as a closed type.

Paper machine

systems operating at a 75 per cent or more white water recirculation
are regarded as partially closed

systems.

To simulate the level of

chemical and other material accumulations in a partially closed white
water, discrete levels of chemical additives and substances were
added directly to a portion of the open white water.

Information

retrieved from data compiled by A.M. Springer for NCASI in 1975,
and accumulated in a Western Michigan University computer program
(Hydrapulper MOOWOC) on "Water Quality Characteristics in Paper
and Board Manufacture Water Reuse Program," was used as a guideline.
To raise the level of hardness, sodium carbonate and calcium
chloride were added.

This was done in anticipation of a reaction

to generate calcium hardness:
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2Na+

+

C0 ~2 +

Ca+2

+

2Cl“

=

CaC0 3 + 2Na+ + 2C1~
hardness

Also, magnesium sulfate was added to raise the level of magnesium
and sulfate ions and to enhance magnesium hardness.
fate hydrate (papermakers alum),

kl^

(30^,)^ .

Aluminum sul

1 8 ^ 0 and sodium

aluminate were added to boost the levels of aluminum ion and sulfate
ions.

Sodium chloride was part of the chloride boosting additive.

To control the pH at 4.4, hydrochloric acid and sodium hydroxide
were used.

Some quantity of 1.0N ^ S O ^ was also added for sulfate

level adjustments.

The levels of these chemicals

added in a prelimi

nary adjustment were based on stochiometric calculations made with
the levels already present in the open system as a base.

However,

secondary additions were made in order to achieve the set levels for
each substance.

Analysis of the synthesized closed white water

For the same reason as in the open system, the actual determina
tion of real levels of available substantive and non-substantive
constitutents of the synthesized closed white water was made.

Each

element or condition analyzed and determined in the open system
was also analyzed for in the closed system.

For each analysis, the

same method used in open systems was repeated.

The data on the

analyses of the synthesized open and closed white water are presented
in Table I.
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Table I
Data on Synthetic White Water Analysis
Open
White Water

Component

Closed
White Water

4.30

PH
Conductance (specific)

580.0

4.35
mho

48.00 x

102 mho

Total hardness as CaCO^

22.82

m g /1

Calcium hardness as CaCO^

12.29

m g /1

74.53

m g /1

Calcium (calculated)

4.92

mg/I

29.85

m g /1

Magnesium hardness as CaCO^
(calculated)

2.53

m g /1

601.5

m g /1

Total alkalinity as CaCO^

8.78

m g /1

114.4

m g /1

79.00

m g /1

528.7

m g /1

Total acidity as CaCO,
Sulfate as SO

-2

217.7

m g /1

676.0

m g /1

28.50 x

102 m g /1

.+3
Aluminum as A1

0.001

m g /1

75.92

m g /1

Chloride as Cl

1.76

m g /1

87.39

m g /1

Total solids

12.78 x

102 m g /1

77.00 x

102 m g /1

Dissolved solids

491.6

m g /1

39.54 x

102 m g /1

Suspended solids

786.0

m g /1

37.45 x

102 m g /1
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Preparation of the Coupons

Fresh coupons described in the equipment section of this presenta
tion were prepared to provide accurate corrosion results.

The prepara

tion of these coupons was based on the knowledge that the most impor
tant factors that influence the results of any weight loss corrosion
tests are surface finish and homogeneity of the specimens.

To obtain

a uniform surface for exposure, the specimen had to be freed of dirt,
grease, traces of corrosion and scales.

Surface finish

Various methods are available for treating a metal coupon for
surface finish and these are sand blasting, grinding - which may be
manual or mechanical, polishing - which also may be mechanical
polishing, chemical-mechanical polishing, chemical polishing or
electrochemical polishing.
adopted for this study.

Of these methods, sand blasting was

This method was chosen because, while

the other methods may be able to give accurate and absolute results,
they are very complex and introduce some cold-work into the coupon.
The sand blasting technique, even though it may not be suitable for
preparing coupons for measurements requiring the type of accuracy
needed in determining the service life of equipment, it is capable
of giving precise results by presenting uniform surface to the
corroding environment.

It is a simple technique for removing any

deposit or tough surface film on the coupons.

Also, the availabibility
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of a sand blasting equipment for the investigation played a part
in its choice.
The sand blasted surface was achieved by bombarding each coupon
with sharp angled quartz sand which was introduced into a pressurized
stream of air.

A moderate pressure was maintained throughout the

blasting process and a single and uniform stroking was maintained
for each coupon.
Following sand blasting, each coupon was consecutively

rinsed

with distilled water and acetone before it was transferred to a
desiccator where it was stored until weighed.

Corrosion Assessment

Experimental design

The experimental program followed an unbalanced factorial design.
The factors were arranged in four blocks with each block identifying
a unique environment.

The blocks were also grouped to interact with

each other for the purpose of accurate statistical analysis.

Each

of the blocks contained the same number of factors:
A.

Type

of white water system

B.

Type

of metal element

C.

Type of inhibitor

D.

Inhibitor concentration

E.

Time of exposure of the element in the white water system.

Factor A was looked at
white water.

at two levels: open

white

B factor was studied at twolevels:

water

andclosed

mild steel
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coupons and stainless (SS) coupons.

Factor C was examined at four

levels identified by the names of the four inhibitors.

D factor

was looked at at three levels of 0 ppm, 50 ppm and 100 ppm.

Factor E

was examined also at three levels of 24 hours, 48 hours and 120 hours,
with

0 hour used as a reference point at which the observation would

necessarily be zero.

Preliminary design

The preliminary design was a screening design.

It was used to

identify the most effective time of exposure and metal element re
quired to give measurable observation within the laboratory conditions.
Also, the preliminary design provided a comparative behavior of the
two systems of white water.

For this program, therefore, the factors

involved were Factors A, B and E.

A combination of the three factors

yielded an unbalanced factorial design of the type
n^ =

2n ^ x 3n ^ where

2 and n^ = 1 (n^ and n^ represent the number of factors): that is

2 x 2 x 3 = 12 experiments.

The design included a replication in two

units for each level of each factor studied.

This yielded 24 units.

Each unit of the replicate contained three similar or identical ele
ments.

That brought the experimentation to an expected 72 measurements.

Final design

With the information obtained from the 72 measurements in the
preliminary design, the final design was developed.

Factor A was

separated for lack of compatibility between the two white water types.
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Factor B became an independent variable because one metal element
was screened off.

The factors involved, therefore, were C, D and E

and their combination was still an unbalanced factorial where each
of the two factors was examined at three levels.
factor was examined at four levels.
similar to 3n ^

The remaining one

The factorial design thus was

x 4n^, where n^ = 2 and

= 1.

pected experiments, therefore, was 3 x 3 x 4 =
also included a replication in two units.

The number of ex
36.

The final design

Each unit of the replicate

similarly contained three identical elements.

The expected number of

measurements from the design was therefore 216.

Equipment

Coupons

The coupons used were made of two metal types:
C-1010 and stainless steel 18-8,304.

mild steel

The two types were purchased

from Corrosion Test Supplies Company of Louisiana and were all
fabricated to the same rectangular shape and size of 5/8 inch by
1.5 inch by 1/16 inch (15.9 mm by 38.1 m m by 1.6 mm) with a circular
hole 13/64 inch (20.6 mm) ID punched 1/2 inch (12.7 mm) from one
end.

Each coupon had similar surface area of 2.14 in

2

2

(13.81 cm ).

Each coupon was identifiable by metal type and a permanent factory
engraved number.
number

The mild steel coupons were stamped with the

1010 which identified it as mild steel followed by numbers 1

to 99 which identified each coupon.

The stainless steel coupons

were stamped with the numbers 304 for the type of stainless steel
followed similarly by the numbers 1 to 99.
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For suspending the coupons, flexible Teflon rods 1/16 in (1.6 mm)
diameter obtained also from Corrosion Test Supplies Company were used.
The coupons were spaced out from each other with Teflon spacers 1/2
inch (12.7 mm) o.d. and 5/8 inch (15.9 mm) long, to avoid contact.
The spacers were also from the same supplier.

(See Figure 2)

Containers

The containers for holding the coupons and white water were
rectangular shaped plastic canisters, 4 liters in capacity.

These

were made by Borden Chemical Inc. of Columbus, Ohio, and were pur
chased locally from a grocery store.

These cups were modified by

boring two holes in opposite sides, two inches from the top edge.
These holes were for hooking up the Teflon rods carrying the coupons.
Each cup had a cover which fitted snugly to prevent excessive evapo
ration or splashing of the water samples.
for two holes.

Each cover was perforated

One hole was about 1/2 inch (12.7 mm) form one end

through which air diffuser was introduced into the water sample.
The other hole was cut in the center about 1 inch (25.4 mm) i.d. to
let through the paddle for stirring the water sample.

The schematic

diagram of the container and accessories are shown in Figure 2.

The gang stirrer

To maintain a constant and uniform agitation of each experimental
unit, a gang stirrer, manufactured by the Master Electric Company of
Ohio, was employed.

This machine consisted of a constant speed motor
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Corrosion Vessel
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Figure 2.

Hanging rod

Accessories for Corrosion Study
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hooked to a disjointed chain system which, in turn, was hooked to
separate gears that turned 12 paddleson a rugged compartment such that all

12

All the 12 gears were mounted

12 paddles turned at a uniform

speed of 120 rpm when the motor was turned on.

Two of these gang

stirrers were used for the study.

Humidity and temperature equipment

For effective control of the temperature of the experimental
condition, a constant temperature and humidity environment was pro
vided by a temperature and humidity controlled room.

The room was

designed by Aminco-Aire System of American Instruments Company of
Silver Spring, Maryland.

The desired conditions were simply dialed

in, in the front panel of the unit.

The equipment is capable of

very precise temperature and humidity control.

The desired tempera

ture and humidity conditions in the room were obtained from the charts
which accompany the instrument.
Other equipment used continuously throughout the study included:
(a)

compact laboratory sand blasting equipment installed in the

machine room of the Chemistry Department of Western Michigan Univer
sity, and (b) a bifocal laboratory microscope used for observing the
coupon surfaces after exposure to the environment.

Experimental Setup

Each of the coupons prepared as described above was weighed
on a Mettler Balance to the nearest 0.1 mg.

Since each coupon was
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stamped with a clear identification number, the weights were recorded
correspondingly.

Three coupons were hung on each rack of the Teflon

rod and spaced from each other with the Teflon spacer to avoid con
tact between them.

The rack of three coupons was hung from the two

opposite holes perforated on the container as shown in Figure 2.
Twenty-four such setups were prepared and set aside for the intro
duction of the white water samples.
The Aminco Aire System was set at the dry bulb temperature of
115°F and relative humidity of 60%.

These settings produced a

saturated room temperature of 140°F.

This condition was continuously

maintained throughout the investigation.

Constant checks of the room

temperature were made daily with a thermometer and Bendix Psychron
which measures the relative humidity by means of dry bulb-wet bulb
measurements.

The temperature of 140°F was chosen because it approxi

mates the temperature attained in a closed machine system.

Also,

at such a high temperature, biological growth is inhibited as noted
by Aldrich and Janes (21).

The high humidity reduced the rate of

evaporation from the unit.

Before turning on the laboratory room

conditioning system, the two gang stirrers were placed in proper
positions in the laboratory room.

Also, gas cylinders, one for air

and the other for nitrogen, were placed in the room beside the
respective gang stirrer.

Rubber tubing and glass distributors were

set up to supply the required air or nitrogen to requisite units
through gas diffusers.

The gas (air or nitrogen) supply was adjusted

to supply a constant and uniform gas flow to each unit.
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Each of the 24 paddles used to maintain a constant and uniform
agitation of the water sample was coated with a temperature resistant
epoxy coating supplied by Valspar Company of Illinois.

The coating

was uniformly applied to cover the paddle so that no contact was
made between the water sample and the metal surface.

The container

containing the rack of coupons— henceforth referred to as a unit—
was set up, as shown in Plate A and B, such that 12 units, with each
containing three coupons, were set up on one gang stirrer system.
Of these 12, the first six units were for the open white water samples,
while the second six units were for closed white water samples.

The

first 12 units contained an orderly arrangement of mild steel C-1010
coupons and stirred by one gang stirrer system.

The second 12 units

contained similarly arranged stainless steel 304 coupons and set up
similarly for open and closed white water.

Air was diffused uniformly

to the mild steel systems while nitrogen was diffused to the stainless
steel systems.

Nitrogen was diffused into the stainless steel con

taining units in order to purge the system of oxygen.

Oxygen enhances

the formation of ferric-chromic oxide film which coats the stainless
steel surface and protects it against corrosion attack.

The purpose

of doing this was to make the stainless steel white water system as
corrosive as possible.

The introduction of air into the mild steel

system would simulate the white water recirculation and aeration and
help to accelerate the corrosion process.

As soon as these arrange

ments were completed and the laboratory room had attained constant
conditions, the corrosion units were set up (Plate A and B ) .
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easy identification, each unit was made identifiable by a marking
showing the type of white water it contained, the type of metal coupon
carried and the number of hours of exposure it was subjected to.
To the first six units containing mild steel coupons, open white
water sample was added such that the coupons hung in the water one
inch above the bottom of the container and one and one-half inches
below the water surface.

The water volume to coupon-surface-area

ratio was uniformly maintained at
conditions (58).
water.

200 ml/in to comply with recommended

Each unit was covered to reduce evaporation of

An air diffuser was introduced at one end of the container

while a paddle was placed at the center.

The coupons hung at the

opposite end to the diffuser to prevent air bubble impingement on
the coupon surface.

The coupons were hung to have a clearance of

5/8 inch (15.6 mm) from the sides of the container.

The same amount

of closed white water sample was added to each of the second units
and was set up the same way.

The gang stirrer and gas supply were

turned on after all the above arrangements were completed.
setup was made for the stainless steel coupon system.

The same

The only

difference was that, instead of air, nitrogen was sparged in both
open and closed white water sample units.
The mild steel systems were exposed to their respective environ
ments and treated in the following order:

the first replicate units

of open and closed white water samples were exposed for 24 hours
before being removed.

The second units were for 48 hours, while

the last replicate units were exposed for 120 hours.

For the stain

less steel systems, the exposure time schedule was respectively for
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120 hours, 240 hours and 480 hours.

The extension of the time

schedule for stainless steel was because it was anticipated that
measurable corrosion would not be observable at a shorter time.

Corrosion Measurement

Corrosion measurements were made on mild steel and stainless
steel coupons at the end of the respective scheduled exposure time
of each replicate unit.

Coupon cleaning

The rack of three coupons was removed from its respective unit
immediately after disengagement from the line and placed on a card
board blotter.

Each coupon was visually examined for the nature of

scale and corrosion products before being brushed off with a stiff
bristle brush.

The purpose of the brushing was to remove loose scales

from coupon surfaces.

After brushing off all removable surface scales,

they were rinsed with distilled water.

The coupons were then inserted,

one at a time, into a beaker containing 600 ml toluene and left for
30 minutes to degrease.

At the end of this, they were air-dried.

When each coupon was dry, some coupons which were observed to be
seriously or unusually corroded were examined under a 10X magnifica
tion binocular laboratory microscope to determine the nature of the
pits and crevices that might be present.
The degreased coupons were inserted for 30 seconds into a 500 ml
reagent grade hydrochloric acid inhibited with 19 ml of 40 per cent
formaldahyde.

Immediately after 30 seconds pickling, they were slowly
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dipped into a saturated solution of sodium carbonate to neutralize
the acid.

The above procedure was followed to thoroughly remove any

hard scale of corrosion product.

The inhibited acid was necessary

to remove metallic oxides without reacting with pure metal surface.
After neutralization, the coupons were thoroughly rinsed— consecutively
with demineralized water and acetone— before being dried in the oven
at 100°F for one hour.

At the end of oven drying, the coupons were

preserved in a desiccator where they cooled before being weighed.
Some coupons which still had some corrosion scales at the end of the
cleaning cycle were taken through another cycle, beginning with the
acid pickling.

Fortunately, no more than three cleaning cycles were

necessary for any of the coupons throughout the experimentation.
A blank weight loss for a single, double and triple cleaning cycle
was run and found to average 0.0012 gm for the single cycle, 0.0014 gm
for double cleaning, and 010016 gm for three cleaning cycles.

These

values were subtracted from the total weight loss for respective
coupons.

Weight loss determination

All through this study, material loss due to corrosion was
measured as total weight lost by a coupon by weighing in a Mettler
balance before exposure and after cleaning the exposed coupon.
measured weight losses were converted to a common unit:

All

milli-inches

per year (mpy) by the equation:
mpy = 1325.5701 X/T
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where 1325.5701 is a constant in milli-inch days per gm per 365 days
(the derivation of this constant is presented in Appendix V I I ) .
X is weight in gm,
T is exposure time in days,
mpy is a measure of the rate of decrease in the thickness of the
metal within a period of a year.

It assumes that the corrosion rate

remains constant from the beginning of the exposure period to the end
of the study program.

This, however, is not essentially true of

corrosion process as can be seen in the graph of the rate of corrosion
versus time of exposure.

It also gives an average per surface from

what may be a local pit or crevice.

But this unit was arbitrarily

chosen in order to comply with one of the conventional reporting
methods of corrosion measurement.

Inhibitor Systems

After the evaluation of the corrosivity of the synthetic open
and closed white water systems, for mild steel and stainless steel
coupons, the stainless steel coupons program was discontinued.

No

measurable corrosion was obtained in the uninhibited open or closed
white water samples, in spite of the extended exposure time and
nitrogen sparging conditions.
To determine the feasibility of controlling the corrosion of
mild steel by reducing or completely inhibiting corrosion in the
synthetic white water, some common inhibitors were examined.
different types of inhibitors evaluated were:
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3 .3Si02

(a)

sodium silicate (water glass), Na^O

(b)

sodium hexametaphosphate (Graham's salt), (NaPCL),
J

D

(c)

sodium tetraborate decahydrate (borax), Na 2B^ 0^ . lOI^O

(d)

2-mercaptobenzothiazole (2-benzothiazolethiol), C^H^NS 2

Sodium silicate, NA203.3SiC>2
Technical-grade sodium silicate, sold by Fisher Scientific,
was used.

It was assayed as a colloidal gel of 40° Baume at 50°F.

Two separate samples were measured out as weight in gram of available
Na 20

3.3SiC>2 to yield 50 ppm and 100 ppm of the reagent in the white

water sample.
open and closed

These were introduced in each of similar amounts of
jhite water systems.

The choice of sodium silicate for evaluation is based on its
well-documented (28, 41) characteristics that can be utilized in
fighting corrosion in the white water systems.

Its efficiency is

such that relatively small amounts are needed to reduce iron pipe
corrosion carrying drinking water by as much as 70 per cent.

According

to Butler and Ison (28), silicate treatment completely stops the
dezincification of brass, and the corrosion of copper is retarded
by silicate at pH

8 . They also noted that waters containing chloride

have been treated with silicates to prevent corrosion of lead.
Silicates respond favorably to high temperature and give hope for
its success in paper mill white water corrosion control programs.
The mechanism of silicate inhibition of ferrous metals in aqueous
systems is fairly well known according to Kantawala (41).
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Sodium hexametaphosphate (NaPO^g
The sodium hexametaphosphate commonly known as Graham's salt,
used in this study was a purified grade sold by the Fisher Scientific
Company.
water.

It was obtained in salt form which readily dissolved in
Similar quantities,

in gram weight, were calculated as (NaPO^)g

to yield 50 ppm and 100 ppm

of the phosphate in

open and closed white water

samples.

Similarly, the polyphosphate inhibition of
aqueous medium is fairly known (18, 20, 28).

equal amounts for

metal corrosion in

It is a non-oxidizing

inhibitor and requires the presence of oxidizers to enhance inhibition.
Like chromates and silicates, it is a passivating inhibitor and can
be dangerous when under-dosed.

Their inhibitive mechanism is reported

to follow the general film principles (18).

They form protective

films that are not affected by normal variations of temperature and
pH.

The rate of film formation is a function of the rate of phos

phate supply to the metal surface; for this reason, circulation and
mixing are necessary for good results.

Butler and Ison (28) and

Uhlig et al (20) reported that the most efficient protection as
inhibitor by polyphosphates is obtained when divalent metal ions are
present in adequate concentrations.

In the presence of these divalent

ions, the influence of chloride ions is reduced:

50 ppm of poly

phosphate has been used to control corrosion in cooling water systems
containing 1500 ppm chloride and 30 ppm calcium or zinc ions (28).
Incidentally, these same ions plague the silicates by forming nonuniform films.

Butler and Ison also reported that a protective film
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of polyphosphate can survive for a long time even when treatment is
stopped.

Other advantages claimed for polyphosphates are that they

have wide application and are in use in general water treatment.
protect both ferrous and non-ferrous metals and alloys.

They

They buffer

at alkaline pH, yet they can effectively be used within a wide range
of pH (5 to 9), they can be successfully applied in an already rusty
surface and the attack is stopped instantly.
All these creditable properties of polyphosphate may be realized
in white water systems.

They further recommend themselves by the

fact that they are in use in paper manufacture for preventing scale
and pitch, as aid for sizing, and as dispersants for filler.

Sodium borate decahydrate Na 2B^ 0^ . 1 0 ^ 0

An ACS grade of the sodium borate decahydrate with the common
name of borax, manufactured by J. T. Baker Chemical Company was
evaluated.

50 ppm and 100 ppm of available Na 2B^ 0^ was determined

by stoichometric calculation from Na 2B^C>2 .10H 20.

Complete dis

solution in the two water samples was assumed.
Sodium borate decahydrate has been reported by Butler and Ison
(28) to be a good inhibitor of steel and zinc corrosion.

They reported

that it behaves as an anodic inhibitor, similar to sodium phosphate,
and tends to form, on iron, protective films of iron oxide such as
ferric oxide and magnetic red oxide of iron.

It was suggested by

Butler and Ison that the capacity of borax to protect steel seems to
be due to its ability to buffer at the pH

8 to 9.5.

At such pH
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corrosion is normally low.

Borax is also economical in use because

it is inexpensive and used in small amounts.

2-mercaptobenzothiazole (2-MBT), C^H^.NS2

The 2-MBT used was made by the Eastman Kodak Company but was
purchased as the practical grade from the Fisher Scientific Company
in Chicago, Illinois.

To calculate the ppm in weight, a purity of

95 per cent of the powder was assumed.
2-MBT is an organic inhibitor.

It is generally claimed to be

an inhibitor for copper and brass on which it is said to form protec
tive coatings (3, 28).

It prevents copper ion in solution from plating

out on more electronegative metals; for this reason, it can potentially
be used to protect the corrosion of couch suction rolls.
used for fourdrinier wire inhibition too (3).
used to inhibit iron and mild steel.

It has been

2-MBT can also be

Singh et al (59) evaluated

several organic inhibitors for acid dissolution of steel and concluded
that, not only are sulfur containing organic inhibitors better than
most organic inhibitors, but 2-MBT proved the most effective.

In

their study, while other mercaptans stimulated corrosions of mild
steel at low concentrations, 2-MBT was very effective at low concentra
tions.
In summary, therefore, all these four inhibitors were selected
for evaluation in synthetic white water because of their acknowledged
potential inhibition of metallic corrosion in process plants.

The

peculiarities of white water systems, especially closed white water
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systems, suggest that these potential inhibitors need to be evaluated
for their performance in white water systems.

All of them except

polyphosphate, are FDA and EPA approved chemicals; therefore, they
are relatively safe for use in paper manufacture.
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PRESENTATION AND DISCUSSION OF RESULTS

Synthetic White Water Samples

Pure water is known to be very resistant to electrical current;
therefore, it has very low specific conductance.

High electrical

conductivity generally associated with aqueous media is due to ions
from ionizable solids.

These ions themselves may be corrosive by

being chemically cathodic or anodic in their attack, or may provide
the electrochemical process that increases the flow of electrical
current which propagates corrosion processes.

For a good understanding

of the white water characteristics, as they affect the corrosion of
metal systems, analyses of the two synthetic white water samples
were made.

The results are presented in Table I, page 63.

As can be observed in Table 1, page 63, the significantly in
creased level of the ionizable solids in the closed white water
resulted in increased specific conductance.

If such increased con

ductivity is considered alone, increased corrosion would be expected
in the closed water type.

Also, increased concentration of aggressive

chloride and sulfate ions predicts a more corrosive system.

However,

the effect of increased alkalinity and increased hardness would be
expected to mitigate the effects of conductivity and aggressive ions.

Corrosion of uninhibited open and closed synthetic white water systems

Table II presents the corrosion rate measurements for the mild
steel corrosion in synthetic open and closed white water systems.
83
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Table II
Mild Steel Corrosion Rates in Uninhibited Synthetic
Open and Closed White Water Systems

Time of Exposure
in hours

Open System Corrosion
Rate in mpy_____

24

49.99

48

46.76

120

34.85

+
+
+

Closed System Corrosion
Rate in
mpy_

3.02

49.55

6.76

29.45

1.76

25.91

+
+
+

6.98
1.51
4.56
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The results of stainless steel 18-8, 304L are not represented because
no measurable corrosion was obtained in both systems within the
experimental period.
measurements.

Each value in the table is an average of six

The extent of variation in the data presented by the

average corrosion rates is shown as the standard deviation of the six
coupon measurements.

The variability thus represents variations among

individual coupons and among replicate units.
The

corrosivity

of the system as presented in Table II, page 84,

showed within the first 24 hours, that the corrosion rates for both
open and closed systems were almost the same at 50 mpy.

By 48 hours,

however, the corrosivity of the open white water system remained
the same while the closed white water system dropped considerably
to 29 mpy.

After 5 days exposure, the corrosion rate in the open

system changed signficantly to 35 mpy.

But, the closed white water

corrosivity remained almost similar as at 48 hours exposure at 26 mpy.
The visual and microscopic observations revealed that general or
uniform corrosion characterized the open white water system while
localized corrosion, resulting in pitting, prevailed in the closed
white water system.

The result of corrosion rate measurements

of the uninhibited systems, therefore established separated standards
for the open and closed white water systems for subsequent analysis.
The Tables II and III and Figure 3 show clearly that the corrosivities of the two systems were different.

Several factors are pro

posed to account for the difference:
(a)

The observations made on the corrosion products and coupon sur

faces, after exposure, revealed that the corrosion mechanisms in the
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Figure 3:

Uninhibited Open and Closed Synthetic White Water
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TABLE III

Visual and Microscopic Observation on Mild Steel
Coupons Exposed to Uninhibited White Water Systems

Type of
System

Exposure
Time (hrs)

Type of
Attack

Corrosion Products
and Scales

Open

24

Tiny pits

Thick continuous and
rusty scale covering
thin gray film

f!

48

Uniform

Hard rust which
cracks on touch

IT

120

Uniform

Same as 48 hours

Closed

24

Few and Shallow
pits

Reddish brown upper
scale covering
grayish film

n

48

Increased number
of moderately
deep pits

Heavy solid deposit
and continuous brown
coating

it

120

Larger number of
wider and deeper
pits

Hard and tough con
tinuous brownish
coating
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two systems were different,
in the open system.

a uniform and general corrosion occurred

This type of corrosion was accurately measured

by the weight loss method.

Closed white water system exhibited

small concentration cells which included some pits, and these corro
sion types were not very accurately determined by the weight loss
technique.

It is evident that the corrosion rate measurement tech

nique used in this study might not have been equally sensitive to
both systems.

The pits would have been more accurately determined

by depth measurement.

But weight loss technique was deliberately

maintained for easy and direct comparison to the general average
weight loss measurements.
(b)

The interactive effects of higher alkalinity and acidity in

the closed water system, evidently resulted in more inhibited system
than expected.

The relative ratio of acidity and alkalinity in the

open system was 9:1 more acidic, while it was 5:1 more acidic in the
closed system.

In other words, the closed system was 4:1 less acidic

than open system.
(c)

There was greater total hardness in the synthetic closed white

water.

The total hardness in the closed white water exceeded the

total hardness of open system by a ratio of 30:1.

The effect of

hardness strongly manifested itself after the initial 24 hours.

The

amount of more adherent inhibiting calcium and magnesium carbonate
scales increased more rapidly in the closed water system and slowed
down corrosion considerably after 24 hours.

It is well know that

hard waters generally are self-inhibiting to corrosion by precipitation
of hard and insoluble carbonate scales on metal surfaces.

The pro
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tection against metal dissolution by insoluble carbonate scales
is naturally dependent on the time needed for sufficient adherent
scale to deposit uniformly over the corroding surface.
(d)

The difference in the amount of dissolved or diffused oxygen in

both systems could be another reason for the observed differences
in corrosion rates.

At the study temperature of 140°F, the effect

of aeration would be expected to be negligible.

But Putilova et al

(60) and Kahtawala (41) separately pointed out that, even though
the solubility of oxygen is low at elevated temperature, its influence
on the corrosion of iron in aqueous media - up to 80°C (176°F) - is
observable.

Evidently, some differences in the amount of diffusable

oxygen existed at the study temperature of 140°F in the two systems.
The open water type contained much less dissolved and suspended matter
than the closed white water (Table I, page 63).

Oxygen diffusion

to the cathodic sites in the open white water system was possibly
more and the cathodic reactions were more likely to be under oxygen
control.

The closed white water was relatively more saturated chemi

cally and oxygen diffusion would be more limited.

The cathodic

activities were more likely to be under hydrogen control.

At low

levels of dissolved oxygen, corrosion is enhanced by oxygen reduction,
according to the reaction.
l/ 202 + H 20 +

2e ^

2 OH

(28)

The anodic process resulting in metal oxidation would yield the iron
hydroxide which, under the low pH of the study, would dissolve as
fast as it was produced and corrosion would be promoted.
+ 2 OH

^Fe(0H)2
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If sufficient dissolved oxygen was present, oxidation would take
place to form the inhibiting ferric oxide which would be less soluble
in acid medium.
4 Fe(0H )2 + 0 2 + 2H20 ^

4 Fe(0H >3

The reaction
2 H+

+ 2e ^

H2

would also influence the cathodic process.

The hydrogen reduction

was expected to be more predominant in both systems at the pH of the
study.

But it might have been more dominant in the closed white

water system than the open system and placed the cathodic corrosion
process in the former under hydrogen control.
It is hoped that subsequent application of different classes
of inhibitors— non-oxidizing and oxidizing inhibitors which require
different amounts of oxygen for inhibition would help to characterize
the systems further.

Inhibitor application in the synthetic open and closed white water

The simultaneous assessment of corrosion of mild steel in the
uninhibited synthetic open and closed white water systems revealed
a strong dissimilarity between the corrosion processes in the two
systems.

Experiments were carried out with four different types of

inhibitors, listed previously, for two reasons:

first, to further

investigate this difference for proper characterization of both
systems; and secondly, to investigate the performance of these
inhibitors as corrosion control agents for mild steel corrosion in
closed white water systems.
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Tables IV on page

93, V on page 95, VI on page 97, and VII on

page 99, contain data on the average corrosion rates of mild steel
for given combinations of levels of inhibitor concentrations and hours
of exposure.

The upper sections of the tables show data for corrosion

rates in the open white water system, while the lower sections give
corrosion rates for the closed white water system.
observations for each datum entry in the tables.

There were six
The data on indivi

dual coupon are represented on Appendices III to VI.

The data in

the tables are graphically illustrated in Figures 4 through 7.

The

tables are similarly presented with the standard deviation for the
six observations which make up the average corrosion rate represented
by each entry.

Similarly, the variability represents variations

among individual coupons and among replicate units.
The results of visual and microscopic observations made on each
coupon after exposure in each system are presented in Tables XII on
page H i , XIII on page 115, XIV on page 118, XV on page 121.

The

entry under each row of the observation tables represents, as in
corrosion rate data, the average of six coupons.
The tables are grouped as follows:

data Table IV, the corres

ponding Figure 4 and observation Table XII represent measurements on
sodium silicate; Table V, the corresponding Figure 5 and the observa
tion Table XIII contain information on sodium hexametaphosphate;
Table VI, the corresponding Figure

6 and observation Table XIV

represent data on sodium tetraborate, while Table VII, the corres
ponding Figure 7 and observation Table XV contain results on 2-MBT.
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Each graph is represented by solid lines joining measured data
points and dashed lines which are extrapolations of the curves to
the zero time when the corrosion rates are essentially zero.
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Table IV

Mild Steel Corrosion Rates in Synthetic Open and
Closed White Water Systems Inhibited with
Sodium Silicate (Water Glass)

Type of
System

Exposure
Time (hrs)

Inhibitor
Concentration

Corrosion
Rate (mpy)

24

50 m g /1

52.09

±

4.37

48

50 m g /1

37.34

-

2.51

120

50 m g /1

21.72 -

0.22

24

100 m g /1

41.42 - 2.37

48

100 m g /1

26.89 - 1.25

120

100 m g /1

25.40 - 0.96

Closed

24

50 m g /1

35.21 - 0.65

II

48

50 m g /1

24.96 - 0.87

II

120

50 m g /1

14.56 - 0.44

11

24

100 m g /1

32.65 -

II

48

100 m g /1

26.16 - 3.40

IT

120

100 m g /1

15.53 - 1.71

Open
If
tl
II
If
II
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Figure 4:

Synthetic Open and Closed White Water
Inhibited with Sodium Silicate
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T a b le V

Mild Steel Corrosion Rates in Synthetic Open and
Closed White Water Systems Inhibited with
Sodium Hexametaphosphate ( G r a h a m Salt)

Corrosion
Rate (mpy)

Exposure
Time (hrs)

Inhibitor
Cone, (mg/1)

Open

24

50

37.25

- 8.74

II

48

50

31.68

- 5.99

fl

120

50

21.32 - 10.72

1!

24

100

29.49 - 3.22

II

48

100

19.51 - 5.05

II

120

100

19.76 - 6.52

Closed

24

50

45.09 - 2.75

IV

48

50

32.85 - 1.78

II

120

50

18.56 - 0.64

fl

24

100

41.67 - 2.34

It

48

100

30.94 - 2.14

If

120

100

16.75 - 0.22

Type of
System
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Figure 5:

Synthetic Open and Closed White Water
Inhibited with Sodium Hexametaphosphate
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Table VI
Mild Steel Corrosion Rates in Synthetic Open and Closed
White Water Systems Inhibited with Sodium
Tetraborate Decahydrate (Borax)

Type of
System

Exposure
Time (hrs.)

Inhibitor
Cone, (mg/1)

Corrosion
Rate (mpy)

Open

24

50

38.88 - 18.30

If

48

50

32.11 - 7.21

j»

120

50

30.54

II

24

100

30.74 - 4.66

IT

48

100

20.74 - 2.31

IT

120

100

30.31

Closed

24

50

40.94 - 0.37

ft

48

50

35.38 - 2.20

If

120

50

16.10

tl

24

100

37.20 - 0.41

It

48

100

29.71 - 2.00

II

120

100

14.85 - 0.15

-

-

-
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Figure

6 : Synthetic Open and Closed Water
Inhibited with Sodium Tetraborate Decahydrate
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Table VII
Mild Steel Corrosion Rates in Synthetic Open and
Closed White Water Systems Inhibited with
2-Mercaptobenzothiazole

Type of
System
Open

Closed

Exposure
Time (hrs.)

Inhibitor
Cone, (mg/l)

Corrosion
Rate (mpy)

24

50

27.59 - 0.73

48

50

45.30 - 3.07

120

50

19.84 - 2.21

24

100

26.86 - 0.31

48

100

18.20 - 0.46

120

100

10.31 - 0.13

24

50

35.06

48

50

53.05 - 5.89

120

50

32.88 - 4.99

24

100

28.52 - 0.47

48

100

19.30 - 1.56

120

100

13.08 - 0.92
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Figure 7:

Synthetic Open and Closed White Water
Inhibited with 2-Mercaptobenzothiazole
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General Discussion of Results

The experimental design presented at the beginning of the
section on corrosion assessment provided the basis for a statistical
analysis of the data.

The statistical package STATPACK, developed

by the computer center of the Western Michigan University fitted
the design.

The STATPACK is an integrated and interactive package.

Also, use was made of Champion International computer center facility
in Hamilton, Ohio.

The statistical tests used from these programs

were analysis of variance and student t-test.
A multivariable, interactive analysis of variance was run on
all combinations of inhibitors, concentrations and time of exposure
in each water system for proper assessment of corrosion rates obtained
from weight loss measurement.

The objective was to determine, for each

water type, the degrees of interaction of inhibitors, their concentra
tions and time of exposure.

When large variations among these vari

ables were found, the significance of the differences were determined
by means of t-test analysis.
Tables VIII and IX summarize the t-test results for the open
and closed white water systems.

The null hypothesis is that the

corrosion means are identical at the 0 ppm and 50 ppm or 100 ppm
levels of inhibitor concentration for 24 hours, or 48 hours or 120
hours of exposure.

The alternative hypothesis is that there is a

drop in corrosion with the introduction of the inhibitor.
probability levels shows the

The

percentage of area lying to the left
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Table VIII
Summary t-Test Results for Synthetic
Open White Water System

Inhibitor Cone. Level
Type______ (mg/1)

Na2Si03

0-50
0-50
0-50
0 - 100
0 - 100
0 - 100

(NaP03)6

0-50
0-50
0-50
0 - 100
0 - 100
0 - 100

Na2B4°7

0-50
0-50
0-50
0 - 100
0 - 100
0 - 100

C 7H5NS2

0-50
0-50
0-50
0 - 100
0 - 100
0 - 100

Proba-

Signifi-

Equal (E)

Exposure
Time (hrs)

bility
level

cant (S)
or Not (N)

Unequal (U)
Variance

24

82.19

N

E

0.04
0.005

S
S
s
s
s

U
u
E
U
E

0.77

s

U

48

0.11

120
24
48

1.36
0.005
0.005

120

0.10

s
s
s
s
s

E
U
E
E
U

24

9.97

N

u

48

120

0.23
0.03
0.005
0.005
6.73

s
s
s
s
N

E
E
E
U
U

24

0.005

s

U

48

32.04
0.005
0.005
0.005
0.005

N
s
s
s
s

E
E
U
U
U

48

120
24
48

120
24

120
24
48

120
24
48

120

0.87
0.005

0.02
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Table IX
Summary t-Test Results for Synthetic
Closed White Water System

Typ_
e-

Na2Si02

Zone. Level Exposure
Time (hrs)
(mg/1)

o o

0
Na-B.0.,
2 4 7

S

U

48
24
48

0.005
0.09
0.09
2.79

120

0.02

S
S
S
S
S

E
U
E
E
E

24

8.80

N

E

-50
-50
100
100

48
120
24
48

100

120

99.75
0.53
1.94
90.16
0.22

N
S
S
N
S

E
U
U
E
U

24

1.47

S

U

-50
-50
100
100

48
120
24
48

100

120

99.98
0.17
0.37
59.96
0.10

N
S
S
N
S

E
U
U
E
U

0
C?H 5NS 2

24

0.04

S

E

99.99
98.49
0.04
0.005
0.04

N
N
S
S
S

U
E
U
E
U

-

0 - 50
0
0
0
0

-

0-50
0
0
0
0

0

Equal (E)
Unequal (U)
Variance

0.20

0-50
0
0
0
0

Signifi
cant (S)
or Not (N)

24

0-50
0-50
0-50
0 - 100
0 - 100
0 - 100

(NaPO.),

Proba
bility
level

120

-50
-50
100
100

48
120
24
48

100

120

-
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of the observed point.

If the probability level is less than 5 per

cent chosen for this analysis, then a significant,
corrosion rate was claimed; otherwise, not.

(S), drop in

For example, for inhibitor

^£15^0^ within an open white water system, when the concentration
level was changed from 0 ppm to 50 ppm for 24 hours exposure, the
t-test indicates that 9.97 per cent of the area lies to the left
of the observed point.

Since this is greater than 5 per cent, the

conclusion would be that this drop in corrosion rate is not signifi
cant.
The last columns of the Tables VIII and IX indicate whether the
data for the 0 ppm and 50 ppm or 100 ppm levels of concentration had
equal or unequal variance based on the two-tailed F-test.

If the vari

ances are unequal the Smith-Satterwaite test is used instead.

The

equations used in each case are presented in Appendix I.

Inhibited Synthetic Open White Water System

The variances in the corrosion rates of several combinations
of inhibitors, their concentrations and times of exposure are pre
sented as per cent variation in Table X, page 105.

When all the in

hibitors were considered together in analysis of variance, using the
uninhibited control sample as one with zero inhibitor, it was noted
that 79.88 per cent variation was easily explained by the interaction
of all inhibitors, time of exposure and concentration.

The most

important difference was contributed by concentration (27.12%).
time of exposure contributed 22.49%.

The

With this information, it was

necessary to evaluate each inhibitor, concentration and time of exposure.
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T a b le X

Analysis of Variance on Corrosion Rate
in Open White Water System

Inhibitor

R-Square

/o Variation
4 Variation
from Concentration
from time
Change_____
Change

All Inhibitors

79.88

27.22

22.49

Sodium Silicate

92.82

22.54

59.59

Sodium HexaMetaphosphate

76.78

52.00

21.35

Sodium TetraBorate

60.44

38.93

10.22

2-MBT

96.27

59.21

24.78

Percent variation is based on sum of squares (SS) = 21483.02
and corrected degree of freedom (DF) = 161
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For Sodium Silicate, 92.82% of the variation was explained
by changes in time of exposure and inhibitor concentration.
time factor was more influential.

The

Sodium hexametaphosphate was

less controllable with 76.78% explainable by the control model.
The most influential factor here was the variation from changes
in concentration.

2-MBT was another easily controlled system,

with 96.27% variation explained by the model.
factor here was concentration effect.
was rather difficult to control.

The most influential

Sodium tetraborate decahydrate

The model could only explain 60.43%

of the variation, most of which was from changes in concentration.
Table VIII, page 102, shows that sodium silicate had a non
significant probability level for 24 hours because it was greater
than 5 per cent at O.ppm versus 50 ppm concentration.

In fact,

since this probability was more than 50 per cent, it implies an
increase in corrosion rate for this particular combination of
variables.

The first rows of Table II, page 84, and Table IV,

page 93, confirm this conclusion.
reduction in corrosion

However, at 100 ppm a significant

rate was obtained for all combinations of

time of exposure (See Table VIII, page 102).

It proved to be the most

difficult system to control.
Table VIII shows that, except for 50 ppm concentration in 48
hours exposure, corrosion rate reduction which was among the most
significant recorded in this study was obtained with

2-mercaptobenzo-

thiozole.
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Inhibited Synthetic Closed White Water System

The analysis of variance

showing percentage variations in the

corrosion rates of all of the inhibitors in the closed system is
presented in Table XI, page 108.

It showed that, under similar treat

ment conditions, the closed system performed differently from the open
system.

In general, it appeared that all the inhibitors behaved alike

inthe synthetic closed white

water.

95.23 per cent of the variances

were explainable by the analytical model.

Time of exposure

was most

influential (53.74 per cent), while concentration changes contributed
only 10.68 per cent to the variations.

However, an examination of

individual performances of the inhibitors revealed characteristic
and significant difference between the inhibitors.
Sodium silicate influenced the mild steel corrosion rate such
that time variable was more influential, as in the open system, but
to a greater extent.

The concentration effect was less influential

than the time variable.

Its effect here was equal to that in an

open system.
The time variable contributed 85.41 per cent of the variation
in the sodium polyphosphate system.

Changes in concentration did not

seem to make any significant difference.

The performance of sodium

tetraborate decahydrate was similar to the polyphosphate.

For this

inhibitor, contributions to the variance were 77.47 and 8.25 per cent,
respectively, for time and concentration.
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Table XI
Analysis of Variance on Corrosion Rate
in Closed White Water System

Inhibitor

% Variation
% Variation
from Concentration
from Time
Change________
Change
R-Square__

All Inhibitors

95.23

10.68

53.74

Sodium Silicate

92.32

21.19

65.88

Sodium Hexametaphosphate

93.00

3.65

85.41

Sodium Tetraborate

93.76

8.28

77.47

2-MBT

91.76

44.28

20.78

Percent variation is based on sum of squares (SS) = 20088.59
and corrected degree of freedom (DF) = 161
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2-mercaptobenzothiazole showed a reverse trend from the rest
of the inhibitors.

Concentration change contributed most to the

variance.
The probability column in Table IX, page 103, shows that the
48-nour exposure period introduced unusual non-significance in both
levels of polyphosphate and tetraborate.
is also shown for 50 ppm 2-MBT.

Unusual non-significance

These conditions presented probability

levels greater than 50 per cent, which implies an increase in corro
sion rate.

This fact is corroborated by the data averages of Tables

V, VI, and VII.
As indicated in Table IX, page 103, sodium silicate produced
significant drops in corrosion rate at all combinations of concentra
tion and time of exposure and appeared as the most suitable for the
synthetic closed white water system.

However, comparing sodium sili

cate and 2-MBT at 100 ppm (Table IX), better inhibition was obtained
with 2-MBT.

No significant difference was obtained in corrosion

rate reduction between 50 ppm and 100 ppm of sodium silicate.

This

indicates that 50 ppm sodium silicate was sufficient to sustain
inhibition of mild steel in a closed white water system for five
days, and increasing the level to

100 ppm did not provide any

significant advantage.
Table IX shows that the trends in the probability levels in
sodium polyphosphate and sodium tetraborate indicate increased
significance at

increased inhibitor dosage.

But, these systems

seemed to be underdosed at the two inhibitor levels.

Also, the

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited without perm ission.

110
behavior of 2-MBT signifies underdosage at 50 ppm in both systems.
In the three cases, corrosion rate reduction improved as the concen
tration of inhibitors was increased.

Inhibitor Individualities and the White Water System

To properly characterize each inhibitor and its interaction
with the aerated synthetic open and closed white water system,
the foregoing statistical evaluation was considered together with the
observed corrosion processes.

Sodium silicate

All reference to sodium silicate concentration here is in parts
per million NAo0 3.3SiO„.
As expected, the less buffered open white water was sensitive
to the alkalinity of sodium silicate.

The pH of the uninhibited

white water systems was maintained between 4.30 and 4.40, but the
addition of 50 ppm and 100 ppm silicate altered the pH to 6.0 and
7.1, respectively.

Some chemical addition of 0.1N H^SO^ was made to

bring the pH back to 4.4.
was present.

This meant that additional sulfate ion

The addition of similar concentrations to the highly

buffered synthetic closed white water produced very little change
in pH.
Table XII, page 111, shows that only concentration cell and
crevice corrosion activities occurred in the open white water system
at the two silicate levels.

But the 100 ppm level reduced these
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Table XII
Visual and Microscopic Observation on Mild Steel Coupons
Exposed to Sodium Silicate Inhibited White Water Systems

Type of Exposure
Inhibitor
System Time (hrs) Cone, (mg/1)

Type of
Attack

Corrosion Products
and Scales

24

50

Concentration
cells

Fluffy brown scale
otherwise clean
coupon surface

48

50

Same

Same

If

120

50

Same

Heavy and loose
scale

fl

24

100

Less Active
concentration
cells

Fluffier scale other
wise cleaner coupon
surface than 50 mg/1

ft

48

100

Same

Same

ff

120

100

Same

Same

Closed

24

50

Uniform

Moderately hard
brown scale

ft

48

50

Same

Same

If

120

50

Same

Harder scale

ff

24

100

Uniform

Continuous hard
brown scale

ff

48

100

Same

Same

ft

120

100

Same

Same

Open

If
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activities.

The concentration cell existed on areas of high solid

deposit and scales.
fluffy.

These scales were observed to be loose and

Very uniform corrosion was seen in the closed white water

system at all inhibitor concentrations and lengths of exposure.
Harder and tougher scales were formed on coupon surfaces.

The pits

that were seen in the uninhibited system were completely absent.
In summary, sodium silicate performed better than the other
three inhibitors in the closed white water system studied here.

It

altered the pitting corrosion that prevailed in the uninhibited system
to a more uniform type.

Concentrations as low as 50 ppm were suffi

cient to sustain inhibition of mild steel corrosion for five days.
Increasing the level to 100 ppm did not provide any noticeable
advantage.

Sodium silicate was less inhibitive in the open white

water where it appeared to be under-dosed.

Therefore, it was quite

ineffective here because it altered the uniform corrosion of the
uninhibited system to concentration cell and crevice corrosion and
this is quite undesirable.

Probable mechanism of sodium silicate inhibition of corrosion in
the synthetic white water________________________________ _

Based on the measured and observed results of this study, the
following mechanism of sodium silicate inhibition of corrosion in
the synthetic fine papers mill white water

system studied is

hypothesized.
It is possible that, in the synthetic white water inhibited with
50 ppm sodium silicate, the initial reduction of dissolved oxygen
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was accompanied by increased corrosion.

According to Putilova et al

(60), silicate acts as a weak oxidizing agent in aqueous media at low
concentration.

At this level it would increase corrosion by enhancing

cathodic oxidation.

However, more available oxygen would result in

the formation of inhibiting ferric oxide which developes with time.
The oxide would arrest cathodic activities by the mechanism proposed
by Gilory and Mayne (61).

Also Kantawala (41) proposed that sodium

silicate ions can undergo chemisorption, electively, at the anode and
reduce anodic activities.

A combination of the above activities was

possible in the open system studied and if they occurred simultaneously,
the corrosion rate reduction could be very significant.
When the above mechanism of sodium silicate in the open system
is compared to the closed white water, the oxygen deficiency proposed
for the closed white water type in the analysis of the uninhibited
water systems becomes more probable.

Here, the initial cathodic

oxygen reduction was probably negligible and the time dependent
inhibition by ferric oxide was also minimal.

These conditions would

promote anodic control conditions and the chemisorption of silicate
ions to the anodes would be the dominant inhibiting process.
The rate of formation of inhibiting ferric oxide stabilized in
both systems on extended aeration and exposure.

Also, it is possible

that the rate of chemisorption at the anode sites stabilized too.
But, the magnitude and strength of ferric oxide scale at the cathode
possibly determine the corrosion rate at extended time.

This hypothesis

is corroborated by the nature of the scale observed in both systems.
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The scales in the synthetic open white water were thick, loose and
fluffy, while those of the closed system were thinner, continuous,
hard and tough.

The loose and fluffy scales would allow continued

ionic migration to the metal surface, resulting in the maintenance of
higher corrosion rate.

Also, the fact that the corrosion rate de

creased in each system when the silicate concentration was raised
from 50 ppm to 100 ppm supports the occurrence of the chemisorption
mechanism.

Conceivable, more silica-iron complex was available to

chemisorb to the metal surface to inhibit the corrosion process.

Sodium polyphosphate

The addition of 50 ppm polyphosphate into the open white water
did not affect the pH of the synthetic white water significantly.
Also, 100 ppm had little effect.

Very negligible chemical addition

was required to bring the pH back to the experimental control of 4.4.
The addition of similar levels of inhibitor to the synthetic closed
white water did not alter the original pH.

There was, however, an

increase in final pH of the aerated open system measured at the end
of the exposure time, but there was practically no change in the final
pH of the aerated closed system.
Observations made on the coupons after exposure, presented in
Table XIII, page 115, show that the addition of 50 ppm polyphosphate
changed the corrosion process in the open water type from uniform
to pitting as the time of exposure was extended to 120 hours.
brown upper and grayish under layers were observed.
polyphosphate concentration to

Hard

Increase in

100 ppm resulted in crevice corrosion
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Table XIII
Visual and Microscopic Observation on Mild Steel Coupons Exposed
to Sodium Hexametaphosphate Inhibited White Water Systems

Type of
System
Open

Closed

Exposure
Time (hrs)

Inhibitor
Cone, (mg/l)

Type of
Attack

Corrosion Products
and Scales____

24

50

Uniform

Hard brown scale
covering tough
black film

48

50

Same

Same

120

50

Deep pits

Hard crusty
brown scale

24

100

Crevice type
concentration
cell

Loose and puffy
scale and deposit

48

100

Same

Same

120

100

Same

Hard and continuous
scale that uncovers
clean and shiney
metal surface

24

50

Very few
pits

No scale

48

50

Increased
number of
pits

Tough gray that
required two
cleaning cycles

120

50

Larger number
of pits

Same

24

100

No evidence

No evidence

48

100

General

Tough gray film

120

100

Few shallow
pits

Same
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but not pitting.

Initally,

(within the first 24 hours)

the scales formed were loose and fluffy
but they hardened and became more uniform

as the exposure time was extended to 120 hours.

Pitting character

ized the closed white water system inhibited with 50 ppm from the
initial exposure to the extended period.

But 100 ppm showed no

observable evidence of corrosion within the initial 24 hours.

By

48 hours, tough gray corrosion scale films that required two cleaning
cycles were observed.

120 hours exposure produced shallow pits under

tough brownish scale coating.
In summarizing, the results obtained here indicate that poly
phosphate added at the rate

and level used in this study to white

water systems of fine paper

machine would not alter the pH of the

machine system.

It is believed that sodium polyphosphate lowered

corrosion rates by developing non-uniform inhibitive films that
appeared to alter the corrosion process from uniform to localized
corrosion.

This study also indicates that, for effective application,

the polyphosphate should be added on continuous bases in order to con
tinuously replenish the inhibiting films as they break down.

The

pits resulting from inadquate dosage of polyphosphate could probably
be altered by increasing the concentration of polyphosphate.

The

optimum results for the inhibition of mild steel corrosion in the white
water studied here were seemingly not obtained at the highest con
centration (100 ppm) studied.

It appears that much higher levels of

sodium polyphosphate would be necessary.

Generally, however, as

shown in Table VI, page 97, there was very wide variation between
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the corrosion rates of individual coupons and between u n i t s
same schedule, particularly in the open system.

in the

Even though significant

corrosion rate reductions were obtained in all combinations of con
centration and time, the wide variation of corrosion rates and the
development of pitting corrosion appear to make polyphosphate an un
safe inhibitor for white water systems.

Sodium tetraborate decahydrate (borate)

The borate inhibitor proved to be more basic than any of the
inhibitors evaluated.

The 50 ppm addition level altered the pH of

the synthetic open white water from 4.5 to
it to 8.4.

6 .8 , while 100 ppm changed

The more buffered synthetic closed white water type was

unchanged by the addition of either 50 ppm or 100 ppm.

Additional

chemical (0.1N ^ S O ^ ) was added to the open water type to adjust the
pH to 4.4.

This meant that more chemical was added to the units

containing 100 ppm.
system units.

No chemical addition was required in the closed

The pH measurements taken at the end of each exposure

time showed that there was no change in the pH of each unit.
The observations made on the coupons after exposure are presented
in Table XIV, page 118.

Uniform corrosion characterized the open

white water systems containing 50 ppm.

The extension of exposure

time to 120 hours did not alter the corrosion process.
were covered by thick brittle brown scales.

The coupons

100 ppm added to the

open white water changed the nature of corrosion to concentration
cell and crevice type corrosion.

Soft, loose and heavy scale covered
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Table XIV
Visual and Microscopic Observation on Mild Steel Coupons Exposed
to Sodium Tetraborate Inhibited White Water Systems

Inhibitor
P
r*• (mty/1-*•N/
WVUV.

24

50

Uniform

Reddish brown scale
covering thin and
tough black film

II

48

50

Same

Brownish-yellow
scale covering
thick and tough
black film

II

120

50

Same

Same

II

24

100

No evidence

Thin and tough
light cream
color film

It

48

100

No evidence

Same

II

120

100

No evidence

Same

Closed

24

50

Uniform

Reddish-brown
scale covering
thin and tough
black film

II

48

50

Few and
moderately
shallow pits

Thin and tough
light cream color
film

If

120

50

Uniform

Same

It

24

100

No evidence

Thin and tough
light cream color
film

II

48

100

No evidence

Same

II

120

100

No evidence

Same

Open

Type of
Attack

Corrosion Products
and Scales

Exposure
XXUIU

Type of
System
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the cell areas.

These scales were easily brushed off to expose

clean and shiny coupon surfaces, however, the
revealed grayish undercover layer.

120 hours exposure

This was probably a film of iron

hydroxide, a product of active corrosion processes.
The closed white water system containing 50 ppm borate exhibited
pitting type corrosion which increased in number and depth with time.
A grayish iron hydroxide was observed to cover all the coupon sur
faces.

No brown iron oxide was noticed.

concentration to

Increasing the borate

100 ppm also increased the number of pits, but these

were shallower than the 50 ppm systems.

The corrosion products were

in the form of a grayish film.
In summary, this study showed that introducing any of the borate
concentrations studied here into the synthetic fine paper mill open
white water system altered the pH of the system above that normal
for rosin sized systems.

But, such levels proved not to affect the

pH of the closed system because it was heavily buffered.

However,

in such low pH systems, borate inhibition seemed to be completely
lost.

It is then concluded that sodium tetraborate would be incom

patible with fine paper mill white water systems.

It is evident

that, for borate to function as an inhibitor in white water systems,
whether open or closed, the systems must be alkaline or neutral.

2-mercaptobenzothiazole (2-MBT)

The introduction of 2-MBT into the synthetic open or closed
white water system did not alter markedly the pH of the original
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system.

At the end of the sample exposure, the pH of the open and

closed white water systems containing 50 ppm were found to be higher
than the initial pH by one point, for each scheduled period.

No

change in final pH of the two systems containing 100 ppm was observed.
The cause of this small rise in pH could not be determined.
Table XV, page 121, presents observations made, visually and
microscopically, on the coupons after exposure.

It shows that, by

introducing 50 ppm into the synthetic open white water, uniform
corrosion of mild steel took place throughout the exposure time.

The

corroded coupons were covered by brownish upper-and black under-layers
of coating.

These coatings were also found to be tough.

They were

thin coatings in 24 hours, but thick and heavy in 120 hours.

Increasing

the 2-MBT concentration to 100 ppm produced coupon surfaces that did
not show observable
to 120 hours.

evidence of corrosion from the first 24 hours

The coupon surfaces were covered by creamy white

thin and tough film.
In the synthetic closed white water, 50 ppm of 2-MBT produced
uniform corrosion in the first 24 hours.

Very few shallow pits

were noticed on the coupons by 48 hours.

None of these pits were seen

on coupons exposed for 120 hours.

The corrosion scales on the 24-

hour coupons were similar to the ones in the open system.

Light

cream, thin and tough film formed on the coupons exposed for 48 and
120 hours.

No evidence of corrosion of any kind was observed on

coupons from closed white water containing 100 ppm 2-MBT.
light cream, thin and tough films covered all the coupons.
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Table XV
Visual and Microscopic Observation on Mild Steel Coupons Exposed
to 2-Mercaptobenzothiazole Inhibited White Water Systems
Type of
System
Open

Closed

Type of
Attack

Corrosion Products
and Scales

Exposure
Time (hrs)

Inhibitor
Cone, (mg/1)

24

50

Uniform

Thin and tough
brownish-yellow
film covering
thin black film

48

50

Uniform

Same

120

50

Uniform

Thick and tough
brownish-yellow
film covering
thin black film

24

100

No evidence

Thin and tough
cream color film

48

100

No evidence

Same

120

100

No evidence

Same

24

50

Uniform

Thin and tough
brownish-yellow
film covering
thin black film

48

50

Few moderately

Thin and tough
light cream color
film under solid
deposit

120

50

Uniform

Same

24

100

No evidence

Thin and tough
light cream
color film

48

100

No evidence

Same

120

100

No evidence

Same
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In summary, the study showed, for both open and closed white
water systems studied, 50 ppm 2-MBT was completely ineffective in
inhibiting mild steel corrosion.

Instead, corrosion rates higher

than the uninhibited systems were obtained.

An examination of the

corrosion products from both systems indicated that the major reaction
was that of metallic oxidation resulting in the formation of reddish
brown ferric oxide.

It is proposed that the principal reaction in the

system was
4Fe + 80H-

+ °2 " ^

2Fe2°3 + 4H2°

The amount of 2-MBT available at the metal surface was
negligible.

probably

While oxygen introduced by aeration was preferentially

reduced at the cathode.

Evidently this accounted for the slight

increase in the basicity of the system. The time dependent
oxide formation

then became

ferric

significant after 48 hours exposure

and scaling prevented further corrosion.
The systems containing higher dosage of 100 ppm 2-MBT, whether
open or closed systems,

had coupons which were effectively covered

by thin, tough and firm films and the corrosion in the
immediately stifled.

systems was

The 2-MBT gave the lowest corrosion rate among

the four inhibitors studied.
tained through the five days.
corrosion when added at

It provided inhibition that was sus
But it, however, tended

to stimulate

lower levels.

Possible mechanism of 2-MBT performance
The most important work done to date on inhibition of steel by
mercaptans was done by Singh et al (59).

Their study involved 2-MBT
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and other aliphatic mercaptans, carbon steel, and IN ^ S O ^ .

They

found that the corrosion reduction efficiency of 2-MBT was the highest
compared with three other inhibitors; isobutyl mercaptan, S-butylmercaptan and T-octylmercaptan.

They discovered that all four in

hibitors except 2-M3T showed a stimulating action on the iron dis
solution, but the efficiency of inhibition increased as the concentra
tion of inhibitor was increased.
The present study showed that 2-MBT can effectively inhibit the
corrosion of mild steel in aerated synthetic open or closed white
water systems, provided that the concentration was equal *o or greater
than 100 ppm.

At 50 ppm, 2-MBT was found to stimulate the corrosion

process in both systems.
Generally, the mechanism of inhibition by 2-MBT and other mer
captans is considered to be by adsorption of the inhibitor to the
metal surface through an unshared electron pair of the S-atom (59).
Its molecular structure contains a benzothiazole ring that provides
an increased electron density on the S-atom which promotes adsorption
to the metal surface.

The adsorbed films inhibit the rate of corrosion.

It is suggested that the corrosion stimulating action at low 2-MBT
concentration, obtained in this study, may be due to partial decompos
ition

of 2-MBT which results in the formation of ^ S .

By means of

resonance expected in a benzyl structure attached to a heterocyclic
N and S ring, two possible conditions can exist in 2-MBT water systems
(59):

Stage I

Stage II
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When Stage I is more dominant,
creased corrosion.

may be formed, resulting in in

However, since the decomposition product tends

to produce low electron density centers at the N and S sites, the
radical structure has poor adsorption power.

Because of its smaller

size, oxygen atoms would diffuse faster to the metal surface than the
heterocyclic structure and result in more oxygen reduction such that
the metallic oxide formation becomes the ultimate reaction.

Also, it

is believed that the amount of

formed could be quite small and

would not affect the measurement.

On the other hand, when the reson

ance Stage II predominates, which appears to be the case at higher
2-MBT concentration, the N and S ring functions as an electron donor,
and electrons are delocalized by resonance to create electron rich
centers at the mercaptan sulfurs.

Electrostatic forces then force

the structure to the metal surface resulting in the formation of
an adsorptive and inhibitive film.
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SUMMARY OF RESULTS

The objective of the study was to evaluate some notable chemical
inhibitors for use as an economical and effective method of controlling
corrosion in closed white water systems of fine paper mills.
Synthetic white waters which simulated water resulting from firstpass retention, and over 80 per cent closed water systems were pre
pared from fresh pulp and deionized water.

These systems were assessed

for corrosion of mild steel under controlled conditions by weight
loss measurements of coupons.

Four separate inhibitors, three inor

ganic and one organic, were introduced separately and similarly
assessed for corrosion.
Analysis of the open and closed white water showed that the
closed white water system had considerably higher amounts of substan
tive and non-substantive components.

These resulted in an increase

of conductivity of the closed system of 727 per cent compared to the
open system.

Other significant impurities:

chloride, sulfate,

alkalinity, acidity and hardness were also proportionately higher.
The interaction of these components gave, unexpectedly, lower corro
sion rates for the closed system than for the

open system.

The

closed system was four times less acidic than the open system, and
the total hardness in the closed system was 30 times more than the
open system.
The corrosion mechanisms in the open and closed systems were
found to be different.

A uniform corrosion prevailed in the open
125
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systems while concentration cells which included some pits dominated
the closed system.

In both systems, the rate of corrosion stabilized

to a near constant rate within five days of continuous exposure.
The difference in diffusable oxygen was thought to have altered
the corrosivity of the two systems such that at the experimental pH,
the open system was under oxygen controlled cathodic activities while
the closed system was under hydrogen control.

These conditions were

found to influence subsequent inhibitor applications.

The performance

of each inhibitor varied generally with use in the open or closed
white water system.

Sodium silicate

Sodium silicate caused an increase in the corrosion rate at 50
ppm in the open system but gave significant inhibition at

100 ppm.

Harked inhibition was obtained at all combinations of concentration
and time of exposure and appeared as the most suitable for the
synthetic closed white water system.

In both systems, the inhibition

of mild steel by silicate was more time dependent than concentration
dependent.

Better inhibition was obtained, even at 50 ppm level

for both systems, as time of exposure was extended.
50 ppm sodium silicate was sufficient to sustain inhibition of
mild steel in the closed white water systems for 5 days, and increasing
the level to

100 ppm did not provide any remarkable advantage.

Sodium silicate was able to alter the pitting and concentration
cell activities in the closed system to uniform corrosion.
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The time dependence of silicate inhibition in the systems studied
was found to conform to the general theory of silicate inhibition
which holds that the silicate inhibition depends on the availability
of initial corrosion products of ferric oxide.

Also, the effective

ness of silicate in the closed system was thought to be due to syn
ergism with self-inhibition of the closed system.
However, sodium silicate gave more variable results in the open
white water system than the closed system.

Its addition to the open

white water raised the pH to the extent that pH readjustment was
required to return it to the experimental level of 4.4.

But its

addition to the c“•:.-ed system did not affect the pH.

Sodium hexametaphosphate
The analysis of variance of the corrosion rate under hexameta
phosphate showed that unlike the silicate, the hexametaphosphate
inhibition was more concentration dependent.

Also, unlike the sili

cate, it gave statistically significant decreases in corrosion rates
for all combinations of concentration levels and time of exposure
in the open system.
However, hexametaphosphate inhibitor was not suitable for the
closed white water system.

The significance levels of inhibition

were essentially greater than 50 per cent thus indicating increase
in corrosion rates at both 50 ppm and 100 ppm.

In the closed system,

changes in concentration of polyphosphate did not affect results—
rather the changes in time of exposure were more influential.
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Hexametaphosphate addition did not introduce significant changes
in the pH of both systems.

However, the pH of the aerated open white

water treated with hexametaphosphate showed a measurable rise in
pH at the end of exposure time, which indicated that the system re
sponded to catnodic reduction of oxygen to hydroxyl form.
Introduction of 50 ppm hexametaphosphate into the open white
water system altered the nature of corrosion from uniform to pitting
as the time of exposure was extended.

However, increasing the

concentration to 100 ppm altered it to crevice corrosion.

Pitting

corrosion characterized all the closed white water systems inhibited
at both concentration levels.

Sodium tetraborate

The borate inhibitor was not compatible with the white water
systems studied.

Increased corrosion rates were obtained at both

inhibitor concentrations in the open white water system; therefore,
no control was obtained by using it.

Like the polyphosphate, the

borate inhibition was poor in the closed system.

Here changes in the

concentration of the inhibitor were irrelevent, rather the measurable
changes in inhibition were mainly time dependent.
The basicity of borate in open white water was quite high.
It altered the pH from 4.4 to 8.4 at 100 ppm.

Its addition in the

closed white water did not affect the pH.
The borate preserved the uniform corrosion of the open system
when applied at 50 ppm.

However, the increase in concentration to

100 ppm altered the corrosion process to concentration cell and crevices.

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

129

The borate system showed corrosion to be active on extended
periods, as compared to the shorter periods.
The introduction of both concentrations of borate to the closed
system aggravated the pitting process of mild steel.

The number of

pits increased with time of exposure.
The corrosion products obtained in the open system were hard
ferric oxide scales which developed with time of exposure.

But the

corrosion products in the closed system were loose gray ferrous
hydroxide scales which did not change with the time of exposure.
The borate systems also tended to confirm that the open system was
responsive to oxygen dissolution and diffusion while the closed
system was not.

2-mercaptobenzothiazole

2-MBT provided easy control for the open and closed systems.
Changing the concentration of the application was very significant
in effecting inhibition of mild steel in the open and closed systems.
Very poor inhibition of open systems was obtained at 50 ppm.
But very good inhibition was effected by 100 ppm in the same system.
2-MBT aggravated the corrosion of mild steel in the closed
white water system at 50 ppm.

But increasing the concentration to

100 ppm provided very good inhibition.
Introduction of 2-MBT to the open and closed white water system
did not influence the pH of the systems, but both systems containing
50 ppm showed a one-point rise in the pH measured at the end of the
exposure. No such changes were observed in the system containing 100 ppm.
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2-MBT sustained the uniform corrosion of the open system and
altered the pitting of the closed system to uniform corrosion.
Oxidative reaction which resulted in ferric oxide scales was
prevalent in the 50 ppm systems.

But tough inhibitive films stifled

the corrosion processes when 100 ppm 2-MBT was applied.
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CONCLUSIONS

Based on the results obtained from this investigation the
following conclusions can be made:
1.

The weight loss studies of mild steel corrosion inhibition in

aerated synthetic open and closed white water systems showed that
the nature and intensity of corrosion depended on the type of white
water and/or nature of inhibitor applied.
2.

Water from simulated partially closed paper machine did not

generally result in increased corrosion rates compared to open
system waters, but did alter the prevailing corrosion type.
3.

At a white water pH of 4.4, the efficiency of the inhibitors

studied varied,

with sodium silicate being

the most efficient

inhibitor at 50

ppm in the closed system.

The same level

aggra

vated corrosion in the open white water.
4.

The efficiency of inhibition of all the four inhibitors studied

improved when the concentration level was raised from 50 ppm to 100
ppm.

Such improvement, however, varied with the inhibitor and the

system.

At 100 ppm, the order of efficiency of the inhibitors

in the closed white water system studied was
2-MBT > S i 0 ”2 > B .0 ~2 > (PO "),
5
4 /
o. o
But the order at the same 100 ppm level in

the open white water

studied was
2-MBT >(P0 ~)6 > S i 0 3"3 > B 40 7'2
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This study showed that 2-mercaptobenzothiazole could act as
an effective inhibitor of mild steel corrosion in the types of open
and closed white water systems studied, provided the concentration
was raised to
5.

100 ppm.

No measurable corrosion rates were obtained, within the study

period, when stainless steel 18-8 corrosion was investigated in
the synthetic open and closed white water systems studied.
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APPENDIX I
Equation for t-test

If the variances are equal, the following t-statistic is used:

t _

^xi

x2^ ~

<T

/

+ (n2 - l)s2
where x

n in2^ni + n2

\f

nx + n

19

x~
Z

n^,

n^

are the sample sizes

s^,

s^

are the sample variances

£

and

2

are the sample means,

is the difference between the populations means

being tested.
If the variances are unequal, the t-statistic is calculated by the
Smith-Satterthwaite test.

t' =

whose sampling distribution can be approximated by the t-distribution

2

. 2 , .2
(sl/nl)
n.^ - 1

, 2 ,

^s2

.2

2

n2 - 1

degrees of freedom.
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APPENDIX II

Corrosion Rate Measured on Individual Coupons
Uninhibited Mild Steel System

Time of
Exposure

Open
System

Closed
System

24 hours

50.24
49.71
45.47
54.21
52.09
48.25

42.55
43.48
43.74
55.14
54.74
57.66

48 hours

40.63
40.30
44.01
46.79
50.90
57.92

30.09
28.23
30.02
27.84
28.63
31.88

120 hours

37.54
33.48
34.41
36.13
34.56
32.75

20.57
22.29
22.85
30.88
28.13
30.73
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APPENDIX III
Corrosion Rate Measured on Individual Coupon
Sodium Silicate

Cone.
Level
50 ppm

Time of
Exposure
24 hours

48 hours

120 hours

100 ppm

24 hours

48 hours

120 hours

Open
System
48.25 mpy
47.06
58.72
50.77
52.62
55.14
42.28
37.31
35.42
36.32
36.78
35.79
22.06
21.39
21.61
21.82
21.66
21.77
37.91
39.77
42.81
44.67
41.22
42.15
28.43
25.38
27.77
27.77
25.98
25.98
26.48
26.32
23.94
25.64
25.24
24.79

Closed
System
35.79 mpy
34.20
35.39
35.26
34.73
35.92
26.31
25.05
23.93
25.52
24.26
24.72
15.27
14.16
14.16
14.90
14.53
14.34
34.46
31.02
31.96
33.40
32.08
33.01
33.01
23.99
24.39
25.58
24.79
25.19
17.82
16.62
12.96
16.20
15.00
14.58
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A PPEN DIX IV

Corrosion Rate Measured on Individual Coupon
Sodium Hexametaphosphate

Cone.
Level
50 ppm

Time of
Exposure

Open
System

Closed
System

24 hours

44.41 mpy
42.42
32.47
44.54
37.51
22.14
36.85
37.84
35.92
28.43
27.77
23.26
39.21
28.00
21.77
13.36
11.98
13.60
34.73
31.95
28.10
28.37
27.84
25.98
23.53
25.52
23.00
15.44
13.65
16.04
27.20
16.04
11.77
27.60
20.39
15.59

42.42 mpy
41.62
44.67
46.79
48.91
46.13
32.34
31.48
31.23
36.00
33.80
32.28
19.01
18.64
17.79
19.54
18.16
18.21
44.80
43.21
42.55
41.36
39.50
38.57
30.16
28.50
28.90
34.00
32.54
31.55
16.99
16.44
16.60
16.75
17.02
16.70

48 hours

120 hours

100 ppm

24 hours

48 hours

120 hours
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APPENDIX V

orrosion Rate Measured on Individual Coupon
Sodium Tetraborate Deeahydrate

Cone.
Level
50 ppm

Time of
Exposure

Open
System

Closed
System

24 hours

26.51 mpy
19.49
21.61
57.00
58.53
49.84
44.27
35.46
32.61
29.96
25.45
24.92
32.21
29.16
29.08
31.26
30.65
30.91
36.66
34.73
33.01
25.19
27.31
27.57
19.49
17.23
19.75
22.00
23.20
22.80
36.88
31.56
37.43
28.45
22.96
24.63

40.56 mpy
40.96
41.22
41.09
40.43
41.36
37.84
35.39
31.95
35.92
37.31
33.87
16.07
16.17
16.01
16.12
16.09
16.15
37.51
36.58
37.64
37.25
36.85
37.38
31.22
30.42
26.64
29.49
32.14
28.37
14.87
14.69
14.79
14.90
14.74
15.11

48 hours

120 hours

100 ppm

24 hours

48 hours

120 hours
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APPEN DIX V I

Corrosion Rate Measured on Individual Coupon
2-Mercaptobenzothiazole

Cone.
Level
50 ppm

Time of
Exposure

Open
System

Closed
System

24 hours

28.50 mpy
26.63
26.91
27.97
28.10
27.44
50.44
45.20
42.02
46.92
42.75
44.47
23.25
17.13
18.13
21.21
19.17
20.17
26.91
27.17
26.38
27.17
26.91
26.64
18.69
17.50
18.69
18.29
17.89
18.16
10.50
10.23
10.13
10.37
10.37
10.36

34.33 mpy
32.34
39.37
32.61
34.07
37.64
62.23
48.05
46.19
56.87
53.42
51.56
40.48
29.27
30.75
36.74
33.01
27.01
29.16
28.37
27.84
28.76
28.76
28.23
18.16
17.76
17.76
20.35
21.01
20.74
14.53
13.47
13.39
12.86
12.01
12.25

48 hours

120 hours

100 ppm

24 hours

48 hours

120 hours
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APPENDIX V I I

Conversion of Weight Loss in Grams to Mils-per-year (mpy)

Dimension of coupon 5/8 in by 1-1/2 in by 1/16 in
Surface area

2.1406 sq. in.

1 in. is equivalent to 2.5400 cm.
1 sq. in. is equivalent to 6.4516 sq. cm.
Area of coupon in sq. cm. is 13,8103
1 mil is equivalent to 0.001 in. or 0.00254 cm.
3

Volume of coupon is therefore equal to 0.03508 cm /mil-in loss
3

The density of mild steel used = 8.8500 gm/cm
3

that is 0.1274 cm /mg
Since 1 mil-in is equivalent 0.03508 cm

3

for the entire metal

3

surface, therefore 0.1274 cm /gm is equivalent 3.6317 mil-in/gm
Assuming 1 gm loss per day, therefore total loss is equivalent
to 3.6317 mil-in/gm/day.
In 1 year of 365 days the total loss at constant rate of loss is
3.6317 mil-in/gm/day by 365 days/year
= 1325.5701 mil/gm/yr.
At a given time and amount of loss in gram, the corrosion rate is
1325.5701 mil/gm/yr by X gm/T days.
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